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Abstract
Silicon-based optoelectronic integrated circuits for future communications and interconnect 
applications require high speed silicon (Si) optical modulators with GHz and tens o f GHz 
bandwidth. The design, fabrication, and performance o f three Si waveguide modulators 
meeting this speed criterion are presented in this thesis. They are based on the ffee-carrier 
plasma dispersion effect, where a change in free carrier density results in the needed 
refractive index change for optical phase modulation. An MZI structure is then used to 
convert this phase modulation into the desired intensity modulation.
The first device, with a crossysection o f 2.5 pm x 2.3 pm, is based on charge accumulation of 
a metal-oxide-semiconductor (MOS) capacitor embedded inside a silicon-on-insulator (SOI) 
waveguide. It has a 12 nm silicon dioxide gate that is sandwiched between a p-type poly-Si 
layer and an n-type crystalline Si layer. It has a bandwidth of 2.5 GHz and is the first Si 
modulator to break the GHz barrier. Using custom-designed drive circuitry, it transmitted 
data at 4 Gb/s with 1.3 dB extinction ratio (ER) and 4 dB of on-chip optical loss. The second 
modulator is an improvement upon the first where the p-type poly-Si is replaced by a lower 
loss crystalline Si layer. Its device cross-section is also reduced to 1.6 pm x 1.6 pm to 
improve mode-charge overlap and therefore phase efficiency. Furthermore, its doping levels 
are increased for higher speed operation. These improvements enabled this modulator to 
become the first Si device to experimentally demonstrate 10 GHz bandwidth. Using the same 
custom-designed drive circuitry, it transmitted data at 10 Gb/s with 3.8 dB ER. The third 
modulator, with 0.6 pm x 0.6 pm cross-section, is based on carrier depletion o f a p-n diode 
embedded inside an SOI waveguide. To achieve high-speed performance, a travelling-wave 
design is used to allow co-propagation o f the electrical and optical signals along the length of 
the device. The resulting modulator has a bandwidth o f >30 GHz and demonstrated 40 Gb/s 
data transmission with 1.1 dB ER. This p-n diode based modulator remains the fastest Si 
modulator to date.
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CHAPTER 1. 
INTRODUCTION
From year 2000 to 2008, worldwide Internet usage nearly tripled. By June 2008, it was 
estimated that 1.46 billion people, or -22%  of the world's total population, used the Internet. 
As Figure 1-1 shows, Internet penetration was nearly 48% in Europe, and it was > 73% in 
North America [1].
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Figure 1-1: Percentage Internet penetration by world regions, as o f  June 2008 [1].
Sometimes referred to as a "network of networks," the Internet has transformed many 
facets of our lives - how we communicate and interact with each other, disseminate and 
access information, work collaboratively, and do business without regard for geographic
location. Making up the Internet, at the most fundamental level, are the computers and the 
optical communications networks that interconnect them. Interestingly, both of these 
computing and communications capabilities were first developed in the 1970's. In 1971, Intel 
created the first commercial microprocessor chip. Then in 1979, it introduced the 8088 
processor, which was used in the original IBM PC. At around the same time, the first fibre- 
optie system began commercial service in Chicago, and it carried voice, data, and video 
signals over 1.5 miles of underground cable [2].
Nearly three decades later, the computing and communications industries share 
something else in common - both are searching for a low cost solution to meet the insatiable 
demand for bandwidth. The computer industry is migrating to a many-core processor 
architecture to maintain the pace o f increasing computational capability while at the same 
time meet the energy efficiency needs of mobile computing and data centre power limits [3]. 
In these new proeessor designs, power consumption is optimized by using multiple types of 
cores tailored to match the needs o f different usage models. Also, cores that are not busy can 
be turned off temporarily to reduce power consumption during idle times. While quad-core 
systems are the state of the art today, computers with tens or even hundreds of cores will be 
the norm over the next decade. One of the ehallenges with realizing such parallel computing 
will be the transport o f the massive amounts o f data among the different cores, into and out of 
the chip, into and out o f the board, and into and out of the system. Although electrical data 
transmission over eopper traces and wires has dominated short reach, high speed data 
communication until now, it faces serious challenges at data rates of lO’s of gigabits per 
second (Gb/s). Because a subset of the I/O interconnects will require aggregate bandwidth of 
lOO’s o f Gb/s or even Tb/s for when all the cores are operating at the same time, the need to 
transmit some of these signals optically is a near certainty. For these interconnections in and 
around the computer, the optical solution not only needs to meet the performance
requirements, it must also be cost effective, compact, and highly integrated.
Meanwhile, the communications industry is facing its own bandwidth challenge. 
Fibre optic communications, which has enabled the high speed Internet, allows data to be 
routinely transferred over fibre links at rates o f lO’s o f gigabits per second. It is pervasive 
across Wide Area Networks (WANs) and Metropolitan Area Networks (MANs). While it is 
replacing copper lines in some Local Area Networks (LANs), its high bandwidth capability 
still has not reached all the way to the end users. Data transfer over the last few miles to the 
home is still over copper with data rates of a few megabits per second (Mb/s). The reason 
why fibre to the curb or fibre to the home is still not widely adopted is because o f the high 
cost o f optics. Similar to the optical interconnect solutions needed for future many-core 
computers, the ones required to bring high bandwidth that last mile to the home or small 
business must also be cost effective.
To date, devices for optical communication have been made predominantly of 
compound semiconductors such as indium phosphide and gallium arsenide and electro-optic 
crystals such as lithium niobate (LiNbOs). Optical modules based on these "exotic" materials 
have demonstrated performance but suffer from high cost and large size related to complex 
processing, low yield, and lack of integration. The most compelling material to address these 
shortcomings and to meet the requirements o f the above applications is silicon (Si).
As Figure 1-2 shows. Si has low optical absorption loss in the wavelength range o f
1.1 to ~7 pm, encompassing the infrared communication wavelengths o f 1.3 and 1.55 pm [4]. 
It was first explored as a platform for integrated optics by Soref and Lorenzo in the mid- 
1980s [5,6]. Since then, a large amount o f work has been published on Si-based optical 
devices. The motivations for this body o f research are numerous. The most obvious is the 
economic benefit - the infrastructure, toolsets, knowledge, and sheer capacities that have been 
developed for Si microelectronics is readily accessible for Si photonics. Furthermore, this
infrastructure development is expected to continue into the foreseeable future to advance 
Moore’s Law, whieh states that the number o f transistors on a Si chip will double every 18- 
24 months [7]. In addition to drawing on advanees made in microelectronics, Si photonics 
will also benefit from techniques under development in micromachining, such as those used 
to create miero-electro-meehanical-systems (MEMS) and Si V-grooves. These teehniques 
ean be used to ereate Si optieal benches for hybrid assemblies or to simplify assembly 
through the direct attachment of fibres and external light sourees. Rather than performing 
complex active alignments with the laser on, fibres could be dropped into a V-groove or U- 
groove to be attached "passively" [8].
Low loss 
window
11 135 71 3 9
Wavelength (urn)
Figure 1-2: Absorption spectrum o f  Si grown by the Czochralski method [4].
Another key benefit of Si photonics is the promise o f integration. Si, with its ability 
to both passively and aetively control light, is a good platform for on-chip integration of 
different types of optical devices. Integration should lead to cost and size reduction. 
Furthermore, optical loss may be lowered due to the reduction of optical interfaces, and yield 
should improve with less independent devices to assemble. If CMOS compatibility is 
maintained, photonie deviees could even be monolithically integrated with electronics. This 
could eliminate parasitics due to packaging as well as further reduce size, cost and packaging 
complexity.
Over the past two decades, researchers have shown that silicon on insulator (SOI) is 
an excellent material platform for waveguiding and integrated opties [8,9,10,11]. They have 
demonstrated a wide assortment of high performance passive devices such as couplers, 
resonators, filters, multiplexers, etc [12,13]. The development o f active components, 
however, has proven more challenging. One such component is a Si-based optical modulator. 
An optical modulator is a device that encodes data onto a continuous wave o f light and is a 
key building block o f any optical communications link. It determines how fast data can be 
transmitted and therefore critically determines the bandwidth of the optical connection.
The most common and intuitive way to encode data onto an optical carrier wave is 
through optical intensity modulation or on-off keying, where eaeh data bit “ I” or “0” is 
represented by the presence or absence o f light, respectively. Intensity modulation is 
achieved by changing the modulator material's or structure's complex refractive index, n+ike. 
The real part n is the refractive index, and the imaginary part he is the optical extinction 
coefficient, n is related to the optical phase (J), and ke is related to the optical absorption a . A 
change in n leads to an optical phase modulation, which can be converted into the desired 
optical intensity modulation using an interferometer such as Mach-Zehnder interferometer 
(MZI) or resonant device such as ring resonator, Bragg grating, or Fabry-Perot resonator. A 
change in ke o f course leads directly to an intensity modulation.
n can be changed either with an applied electric field (known as electro-reffaction) or 
by varying the device’s carrier concentration (known as carrier-reffaction), ke is also changed 
using these same methods, which are known as electro-absorption and carrier-absorption, 
respectively. Changes in n and ke are related through the well-known Kramers-Kronig 
relation [14], but one or the other will dominate depending on the physical effect used for 
modulation.
Today's commercially available high-speed optical modulators operating at >10 Gb/s
are based on electro-optic materials such as lithium niobate (LiNbOs) [15,16,17] and Ill-V 
compound semiconductors [18,19]. These devices have modulation rates as high as 40 Gb/s. 
Achieving fast modulation in Si, however, has been challenging because the material exhibits 
no linear electro-optic (Pockels) coefficient and has very weak Kerr and Franz-Keldysh 
effects [20,21]. Although it has been recently shown that strained Si possesses the Pockels 
effect [22], the measured electrooptic coefficient is relatively small (an order of magnitude 
smaller than that for LiNbOs.) While it has also been shown that germanium (Ge) based 
structures compatible with the Si platform have relatively strong electro-absorption due to 
either the quantum-confined Stark effect [23] or Franz-Keldysh effect [24,25], strain 
engineering is needed and high speed optical modulation has yet to be demonstrated.
To date, the most widely researched and proven ways to achieve optical modulation in 
Si is via the thermo-optic effect and the free carrier plasma dispersion effect, where a change 
in temperature or free carrier density, respectively, results in a change in the material’s 
complex refractive index. While the thermo-optic effect can be quite efficient, it is inherently 
slow and device speed has been limited to the kHz to MHz range [26,27]. By contrast, the 
speed o f modulators based on the plasma dispersion effect is governed by how fast fi"ee 
carriers can be injected or removed, so it can vary widely depending on the device design. 
The majority of Si waveguide-based optical modulators proposed and demonstrated prior to 
the start o f this work utilized the plasma dispersion effect in a forward-biased p-i-n diode 
geometry [28,29,30]. These devices have been proven to provide high modulation efficiency 
(in turn compact device size), but due to their slow carrier generation and recombination 
processes, their modulation speeds are usually limited unless the carrier lifetime can be 
signifieantly reduced. While some studies showed that GHz modulation frequency is 
theoretically achievable with p-i-n diode devices [29,30], the fastest demonstrated speed of a 
Si-based modulator at the time was only tens of MHz [28].
The goal of this doctorate project is to study free carrier based modulators that are not 
limited by the above slow carrier dynamics, namely designs based on the metal-oxide- 
semiconductor (MOS) capacitor and the reverse-biased p-n diode, so high speed Si 
modulation in the GHz and even tens o f GHz range can be demonstrated. Achieving high 
speed Si modulation is a critical step towards realizing the vision of Si photonics - to bring 
optical communication to the data centre, to the home, to the computer, and perhaps even 
someday to the microprocessor.
This dissertation reviews in detail the design, fabrication, characterization, and 
performance o f these high-speed Si optical modulators. First, in Chapter 2, waveguide theory 
including conditions for optical confinement, definition o f optical modes, and single mode 
transmission in rib waveguides is presented; optical modulator figures o f merit relevant to the 
current project are also given. Chapter 3 provides a review o f Si modulator development 
since the inception o f Si photonics in the mid-1980s. It highlights interesting and note­
worthy efforts of this rich field o f research. Chapter 4 outlines the optical and electrical 
simulation tools used to design and optimize the modulators. Chapter 5 discusses the device 
parameters and fabrication details o f the different phase shifters investigated; technical 
background relevant to these designs is also given. Chapter 6 explains how device material 
properties are analyzed, what device and test structures are used, and how performance 
parameters are measured. A detailed review o f experimental results for the MOS-capacitor 
based modulators is then discussed in Chapter 7, focusing on the primary performance 
parameters o f loss, efficiency, and speed. A similar discussion for the p-n diode based 
modulators is presented in Chapter 8. A summary o f key results and achievements o f this 
PhD project is then given in Chapter 9 together with the conclusions that are drawn. Finally, 
proposed future work is presented in Chapter 10.
CHAPTER 2. 
FUNDAMENTAL BACKGROUND
An optical modulator is a complex device consisting of various passive and active elements. 
Its most fundamental building block (actually of any photonic integrated circuit) is the 
waveguide, which contains two basic components - the core and the cladding. The core has 
higher refractive index and is the medium through which light propagates. The cladding 
surrounds the core and has lower refractive index. Light remains confined inside the core 
without irradiating into the surrounding by making multiple internal reflections at the core­
cladding interfaces. Today, most waveguides in Si photonics use Si as the core and silicon 
dioxide (SiO]) as the cladding, thus the prevalence o f SOI devices. The most commonly used 
waveguide structures are shown in Figure 2-1; they are known as strip and rib waveguides.
core
cladding
core
cladding
Figure 2-1 : Two com m on types o f  waveguide geometries: a) strip and b) rib.
2.01 Waveguide Theory
To understand how light wave is confined inside the waveguide core by the cladding, 
one can start with the law o f refraction or SnelTs Law. When light waves propagate through 
objects whose dimensions are much larger than the wavelength, the wave’s behaviour can be 
described by rays obeying geometric rules. When a ray travels from a medium of refractive 
index nj through a second medium of index «2 (Figure 2-2), it experiences both reflection and 
refraction at the interface. The refracted ray obeys Snell’s Law:
«1 sin =«2 sin ^ 2 (1)
where Oi is angle o f incidence and 62 is the angle of refraction. If  ni < n], the refracted ray 
bends away from the interface, O2 < Oi. Refraction occurs regardless o f the incident angle. If  
ni > n2, the refracted ray bends toward the boundary, 62 > Oi. As 61 increases, Ô2 approaches 
90°. There is a critical incident angle 6c where 62 equals 90°, such th a t
(2)
«1
When 9i > 6c, Snell’s Law cannot be satisfied and refraction does not take place. The 
incident ray is totally reflected at the interface. This is how light can be fully confined by a 
structure that has a core with one refractive index surrounded by a cladding o f lower index. 
Furthermore, the larger the index contrast, the smaller the critical angle, which ultimately 
translates to better optical confinement. For Si/SiO] waveguides, the critical angle for total 
reflection at ^  = 1.55 pm is approximately 25° because n(Si) = -3 .5  and n(Si02)  = ~L5.
Figure 2-2: A  ray crossing the interface between two media o f  different refractive 
indices experiences both reflection and refraction.
For many applications, waveguide size is on the order o f micrometers or sub­
micrometer. For such small dimensions, the electromagnetic (EM) wave nature of light must 
be included for accurate understanding of propagation. Optical fields in waveguides are 
governed by Maxwell’s equations. In a medium with no free electric charges, they are 
written in terms of the electric field E, magnetic field H, electric flux density D, and magnetic 
flux density B as
W xE  = - —  
dt
V x H  = —  
dt
(3)
(4)
V D  = 0 (5)
V -5  = 0 (6)
The relationship between E and D depends on the electric properties of the medium; likewise, 
the relationship between H  and B depends on the magnetic properties of the medium:
D = (7)
^ = (8)
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where So is the vacuum permittivity, is the vacuum permeability, and P  and M  are the 
induced electric and magnetic polarizations, respectively. In an ideal dielectric medium 
(linear, homogeneous, isotropic, non-dispersive, and nonmagnetic),
D = sE = s^n^E  (9)
B = jUoH (10)
where s  and n are the permittivity and refractive index o f the medium. Maxwell’s equations 
can therefore be simplified to
=  (11)
dt
W xH  = s y —  ( 12)
ar
V E  = 0 (13)
W‘H  = 0 (14)
Solving the above Maxwell’s equations yield the well-known wave equations
= 0 (16)
The electric and magnetic fields o f a propagating wave can be described respectively as:
E = E^exp[j'{o)t-kz)] (17)
H  = H^Qxp[J{cot-kz)] (18)
where k  is the wavevector or propagation constant in the direction o f the wavefront, kz 
describes how the wave varies over distance z, o) is the angular frequency, cot describes how 
the wave varies over time t, and cot-kz is the phase cf) o f the wave. In free space, k  is 
designated ko=2 n/X, where \  is the optical wavelength, k  is therefore related to ko by the 
refractive index n o f the medium: k  = nkc
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For simplicity, consider transverse EM (TEM) waves propagating along the z-axis in 
a planar waveguide, as illustrated in Figure 2-3. The core, top cladding, and bottom cladding 
have refractive indices nj, ri2 , and %, respectively. The transverse electric (TE) polarization 
is given by E=Ex, Ey=Ez=0, H x=0, and the transverse magnetic (TM) polarization is given by 
H^Hx, H y=H z=0, Ex=0. The TE and TM fields can be described respectively as
E = E^Qxp[J(o)t-j^)] 
H = H^ Qxp[j{o)t -  J3z)]
(19)
(20)
where /) is  the propagation constant in the z-direction. To determine and field amplitudes 
for all regions of the waveguide. Equations 19 and 20 are substituted into Equations 15 and
16. Then boundary conditions are applied to ensure continuity of the electric field, magnetic 
field, and their first derivatives at both core-cladding interfaces [31]. A finite number of 
solutions can then be determined for j3, which means only a finite set of field distributions is 
supported by the waveguide; each is call a guided optical mode. Waveguides that support 
only one TE and/or TM mode is known as a single-mode waveguide. Those that support 
many modes are known as multi-mode waveguides.
Figure 2-3: Schem atic o f  a planar waveguide, ri; is the refractive index o f  the core, 
«2 is the refractive index o f  both the upper and lower cladding, and Oj is the angle o f  
incidence.
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Another way to understand why only a discreet set o f EM waves is guided is to go 
back to the total internal reflection discussion at the beginning o f the chapter and incorporate 
wave analysis by considering each optical ray as a TEM plane wave. The total EM field is 
therefore the sum of these plane waves. For waves to be guided, besides satisfying the 
condition for total internal reflection, they must also meet the self-consistency condition in 
that they repeat in phase and superimpose upon themselves after every two reflections. This 
condition is illustrated in Figure 2-4 [32]. The allowed waves guarantee that the same 
transverse field distribution and polarisation are maintained at all distances along the 
waveguide axis. Each allowed incident angle corresponds to a field or mode. The field with 
the largest propagation angle is called the ftmdamental mode. Because this mode makes the 
least number of reflections, it is least affected by defects at the core-cladding interfaces and 
generally has the lowest surface scattering loss.
C'AxVx aT'
T
wave
Twice-reflected 
wave
Figure 2-4: Condition for self-consistency: a wave duplicates itself after two 
reflections [32].
For many applications, it is preferred to have single-mode devices, ones that support 
only the fundamental mode, for a given polarisation o f light. There are numerous reasons; 
they include: 1) multi-mode transmission suffers from modal dispersion, which is the 
broadening o f a narrow data pulse due to modal temporal delays that result from the fact that
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different modes take different paths to reach the destination, 2) multi-mode transmission 
suffers from mode mixing where one mode may change into another at junctions or 
irregularities along the waveguide, and 3) devices whose operation depends on the phase 
relationship between different waves, such as Mach-Zehnder interferometers (MZIs), array 
waveguide gratings, and Bragg gratings, will suffer poor performance due to multi-mode 
behaviour. It is therefore important to define the single-mode condition to aid design of 
useful devices. Below is a discussion o f how the single mode condition can be determined 
for the planar waveguide of thickness h, as depicted in Figure 2-3.
A wave with its wavevector k  propagates along the z direction by making multiple 
reflections; its angle of incidence with respect to the core-cladding interface is Oj. The 
relationship between parameters k, Oj, and the y  and z components of k {ky and k^  can be 
described by simple trigonometry (see Figure 2-5) as:
k ,=  P  = njç^sm 9^
(21)
(22)
ky is the propagation constant in the y direction and kz, also known as p, is the propagation 
constant in the z direction.
Figure 2-5: Schematic showing the relationship between k, 9^ and the y  and z 
components of k {ky and kz).
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The self-consistency condition for a wave to be a confined mode states that it must 
repeat in phase and superimpose upon itself after every two reflections. This means the 
condition A(j) = 2/M must be satisfied, where AcJ) is the phase shift after two reflections and m 
is an integer (0, 1, 2 ...). For the fundamental mode, m = 0. To simplify the analysis, 
imagine that the wave propagates in the y-direction:
= 2k h -  2(j)^  = 2k^n^h cos 6  ^ -  2(j)^ (23)
Here 2^r is the phase changes introduced upon reflection at the upper and lower waveguide 
boundaries. For TE light, whose electric field is polarized in the x direction.
— 2 tan - . 1 1
sin 1^ -
The eigenvalue equation stating the self-consistency condition therefore becomes
Ml//cos 61^ -2  tan '
-y/sin^ é»! -{n ^ ln ^ÿ
cos^i
= m n
For TM light, whose electric field is polarized in the y direction.
= 2 tan
- i ^ (Mi/M2)^sin^<9i-l 
(Mj /Wi)cos^i
The self-consistency condition is then written as
k^nj7 cos 6  ^ - 2  tan
^l{n^ In^Ÿ  sin^ 0  ^-1
(»2 /mJcOS^i
= m n
(24)
(25)
(26)
(27)
To meet the criterion for total internal reflection, 6i must be greater or equal to the critical 
angle 6c. Maximum number o f modes is allowed when 6j = 6c. This way Equation 25 
reduces to;
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(28)
n
Actually, the number of modes a waveguide supports is determined by increasing rrimax to the 
next higher integer because the fundamental mode has a mode number m = 0. To determine 
the cutoff condition for single mode, Equation 28 can be written as
^ _ k^n,hcos0  ^ _ 2n,hms0^ 2^9)
or
0  ^> cos (30)
2»iA
For X = 1.55pm, a planar waveguide with Si core and Si02 cladding can only be single mode 
when the core thickness is <0.245pm. This small dimension undoubtedly makes optical 
coupling into and out of the device very lossy, so why all the excitement about SOI devices?
Soref et al. in 1991 reported that rib waveguides, when designed correctly, can be 
single mode even with multi-micron cross-sectional dimensions [33]. They considered rib 
waveguides with 2aX rib width, 2bX central rib height, 2brX slab height, m  core index, ri2 
bottom cladding index, and rio upper cladding index. They limited their analysis to
waveguides satisfying the conditions 2b-yjnf - n\ > land 0.5 < r < 1.0, The second condition
is imposed because for r>  0.5, higher order modes in the vertical direction are cutoff because 
the higher order modes in the central rib region will couple to the fundamental mode o f the 
slab regions and be leak out. Their analysis defined the following condition for single mode 
transmission for waveguide dimensions larger than the operating wavelength:
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They then modelled mode propagation in an SOI waveguide satisfying the above condition, 
with 2aX = 2bX = 4/urn and r = 0.625. A high order mode was deliberately excited with off- 
axis launch. Results in Figure 2-6 show the change in mode profile as the wave moves down 
the waveguide - first energy leaks out into the slab, then after 2000pm of propagation, it 
stabilizes into the fundamental mode of the waveguide.
t i q  =  1 . 0 0
Hi  =  3.50
«9= 1.45
2 = 0pm
2 = 250 pm
2  = 500 pm
2 = 1000 pm
2  = 2000 pm
Figure 2-6; M odelled mode profiles o f  rib waveguide with 2aÀ =  2bÀ =  4fim and r 
0.625 [33].
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One waveguide parameter that is carefully quantified and monitored in this project is 
the effective index of a mode, rieff. For a simple planar waveguide, it is defined as rieff = 
nisinOi and is therefore related to the propagation constant along the waveguide axis, kz or 
by
= s i n %  (32)
This indicates that a mode can be thought of as propagating straight down the waveguide 
with a refractive index rieff. For a rib waveguide, rieff can be approximated by using the 
effective index method, which starts by decomposing the rib structure into one vertical planar 
waveguide (to represent the central rib) and three horizontal planar waveguides (for the 
central rib and the two slab regions on the sides o f the rib). For TE-polarized light, the 
horizontal planar waveguide eigenvalue equation (Equation 25) is first solved for 6i for each 
of the three theoretical horizontal waveguides, whose corresponding rieff,h can be subsequently 
determined. Using these rieff,h values and the eigenvalue equation for the vertical planar 
waveguide (Equation 27), 6  and the corresponding rieff for the waveguide mode can be 
approximated.
2.02 Mach-Zehnder Interferometer
One waveguide-based device that is important to the current project is the 1x1 Mach 
Zehnder Interferometer (MZI), a schematic of which is shown in Figure 2-7. It is widely 
used to convert phase modulation into intensity modulation. It comprises an input 
waveguide, a 1x2 splitter, a 2x1 combiner, and an output waveguide. The two waveguides 
joining the splitter and combiner are called the arms of the MZI. The device operation is 
straightforward. Light coupled into the MZI is divided at the 1x2 splitter into the two 
waveguide arms. Assuming light is monochromatic and has TE polarisation, the electric
1 8
fields of the waves in arms 1 and 2 can be written as
1^ =^ 0.1 exp[/(o)r-/7,z)]
E l  =  0^,2 Gxp[;(6)r -
where f3j and are the propagation constants.
(33)
(34)
Light
Light
Figure 2-7: Schematic o f  a 1x1 MZI.
The waves propagate along their respective arms and recombine at the 2x1 combiner. 
In the output waveguide, the two waves interfere and the total intensity can be expressed as
I  =1E, +E,  |'= | E,\ -+\ E^ Ÿ +Æ El  (35)
/  = 1 + < 2  + cos( A 4  -  A 4  ) (36)
where E*^ is the complex conjugate of Ei, E \ is the complex conjugate of E2, and Li and L2 
are the physical lengths o f arms 1 and 2, respectively. Because E]^ and E I2 are the light 
intensities in arms 1 and 2, respectively, Equation 36 can be rewritten as 
/  = / , + / j  + 2 V 7 7 ;c o s ( /? ,i ,- /? ,i ,)  (37)
The above equation reveals a number of interesting relationships:
1) Output intensity of the MZI critically depends on (P2L2 - (3iLi), which is the phase 
difference, Acf), between waves in the two arms. As Figure 2-8 illustrates, intensity is
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maximum when this phase differenee is integer multiples of 2n (which is the 
condition for constructive interference) and is minimum when the phase difference is 
integer multiples of n (which is the condition for destructive interference). A phase 
modulation in one or both arms of the MZI will therefore translate to an intensity 
modulation.
3
e
30 
■3
1(Q
E
1
'^quadrature
0.8
0.6
0.4
0.2
0
61 20 3 4 5
phase difference (ti-radian)
Figure 2-8: MZI output intensity varies with the phase difference o f  light in its two 
arms.
2) The phase difference between light in the two arms can be created by changing the 
physical length difference \Lj - and/or the effective refractive index difference 
\neff,i -  yiejfaV The length difference is a static device parameter; it is fixed by design 
and fabrication and cannot be altered once the device is created. The effective 
refractive index difference, on the other hand, can be dynamically controlled. As a 
result, the phase modulation needed for an optical modulator is obtained by changing 
the effective refractive indices.
3) The logarithmic ratio between maximum and minimum output intensities, which is an 
important device performance parameter known as the extinction ratio (ER), is the 
largest when Ij = h. As a result, care is taken during device design and fabrication to
20
ensure that the splitter evenly divides the incoming light so the optical amplitudes in 
the two MZI arms are equal.
From Figure 2-8, one can see that the MZI optical output is most sensitive to phase 
change when the output intensity is at half-maximum or the phase difference between the two 
arms is an odd integer multiple of n/2. In this manner, most MZI modulators are operated 
with an initial n/2 phase difference, known as the quadrature point. Nonetheless, when the 
dynamic phase change is small, operating the device near the null can lead to higher ER 
because the minimum intensity is close to zero. The drawback is that the maximum output 
intensity is also very low, which essentially means undesirably high loss.
2.03 3-dB Splitter / Combiner
As discussed above, key elements of the MZI are the 1x2 splitter and the 2x1 
combiner, which in most eases are the same device. Some common designs are the Y- 
junction, directional coupler, and multi-mode interference (MMI) coupler [13]; schematic o f 
each is given in Figure 2-9.
(a) (b) (c)
Figure 2-9: D esigns for 1x2 splitter: a) Y -junction, b) directional coupler, and c) MMI.
The Y-junction, when designed symmetrically, acts as an efficient 3-dB splitter. As 
the optical mode propagates from the input waveguide towards the Junction, only symmetric 
mode is excited in the tapered region due to the geometric symmetry o f the structure and the
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adiabatic design o f the taper. Hence optical power is evenly divided into the two output 
waveguides. Optical loss of this device is critically affected by the junction tip size, which is 
determined by the lithography and etch processes. The resulting excess loss depends on the 
combination of waveguide and tip dimensions. For a given waveguide cross-section, the 
smaller the tip size, the lower the loss. Similarly, for a given tip size, the larger the 
waveguide, the lower the loss.
A directional coupler, in the most basic configuration, consists of two single mode 
waveguides in close proximity with input and output waveguide fan-outs. It is slightly 
different from the design shown in Figure 2-9(b) in that it is a 2x2 rather than a 1x2 device. 
The main function o f the directional coupler is to exchange optical power between adjacent 
waveguides according to their modal interaction. When the waveguide separation is small 
enough, the evanescent parts o f the guided modes overlap and coupling between the two 
waveguides occurs. The lightwave is co-directionally coupled back and forth between the 
two waveguides in a periodic manner in accordance with appropriate phase conditions 
between the coupled modes. Coupling strength increases for weaker mode confinement and 
better overlap; therefore, narrower waveguides, longer wavelengths, or smaller waveguide 
separation provides stronger coupling and hence more compact structures. To create the 1x2 
3-dB splitter needed for an MZI, a three-waveguide directional coupler design, as shown 
schematically in Figure 2-9(b), can be used. Near the coupler region, the width of the input 
waveguide is adiabatically tapered down while the widths of the two output waveguides are 
tapered up. The waveguides are tapered to increase the evanescent field so the optical mode 
can be gradually and efficiently coupled from the input to the output waveguides without 
coupling back.
MMI couplers have become increasingly popular for various applications in photonic 
integrated circuits including 3-dB power splitting. Their main advantages are low loss.
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compact size, and large fabrication tolerances. Figure 2-9(c) is a schematic representation of 
a MMl-based 1x2 splitter. The element in between the input and output waveguides is the 
multimode region that can support a large number o f guided modes. When light enters this 
region, numerous high order propagation modes are excited. Each mode travels with a 
different phase velocity and hence an interference pattern is created. The input field is 
reproduced in single or multiple copies at periodic intervals along the propagation direction 
o f the waveguide. By selecting the correct width and length for the multimode region and 
accurately positioning the input and output waveguides, the input power can be evenly split 
and coupled into the two outputs with minimal loss. If  the 1x2 structure is incorrectly 
designed or it deviates from optimal design due to fabrication error, 50/50 power splitting is 
still ensured as long as the device is symmetric. Device loss, however, could be high if  the 
output waveguides do not join the multimode region at the point where the 2-fold image 
occurs.
2.04 Modulator Performance Figures of Merit
To effectively evaluate and compare the performance o f different modulators, some 
device figures o f merit are commonly used: phase modulation efficiency, phase shifter 
transmission loss, voltage-dependent dynamic loss, ER, frequency response, and electrical 
power consumption. A brief description o f each is given below. For modulators based on the 
free carrier plasma dispersion effect, the refractive index change {An) needed for phase 
modulation depends on the electron and hole density change, which are themselves governed 
by the drive voltage applied to the device. Because the drive voltage and device length are 
two primary determinants of phase modulation, the product, where is the drive 
voltage swing and Ljr is the device length required for a Ti-radian phase shift, is often used as
a measure o f modulation efficiency. The goal is o f course to minimize to lower the
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required drive and shorten the device length.
For phase shifter transmission loss, rather than minimizing the standard parameter of 
loss per length, the goal is to minimize loss per device length required for Tc-fadian phase 
shift. This figure o f merit is measured in dB/L^. Note that this dB/L^ :: figure is a measure of 
the static loss of the phase shifter, meaning it is determined for the device when it is not 
electrically active. When a voltage is applied, the change in carrier densities, in addition to 
inducing a phase change, will also result in a change in optical loss. Furthermore, there could 
be changes to optical transmission related to charge-induced optical mode perturbation. So a 
parameter is also needed to account for these dynamic losses; it is denoted simply as voltage- 
dependent-transmission (VDT). This figure o f merit has unit o f dB/Ti radian.
Extinction ratio (ER), as discussed previously, is the logarithmic ratio of maximum to 
minimum modulator output intensities that represent digital data "1" and "0", respectively. It 
depends on the phase modulation efficiency of the device, the applied voltage during
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operation, and the performance of the MZI itself. It has the unit o f dB. The goal is to 
maximize modulator ER so that data "1" and "0" can be clearly distinguished.
The importance of characterizing modulator frequency response cannot be over-stated 
because it critically determines how fast data can be encoded onto a continuous wave of light 
and therefore the bandwidth o f the optical communications link. Because the modulator is 
driven by an electrical signal, one can examine its electrical transient response to determine 
maximum possible speed. For example, using the transmission characteristic of the RF signal 
(S21), electrical bandwidth is defined as the frequency at which the electrical power drops by 
6-dB, which is equivalent to a 3-dB drop in the voltage swing. Nevertheless, the true 
measure o f optical modulator speed is its optical bandwidth, which is in general less than the 
electrical bandwidth as it also considers the electrical-optical interaction o f the device. 
Because the optical response o f the modulator is governed by the applied voltage, its optical
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bandwidth is defined by the 3-dB cut-off frequency, which is where the amplitude o f the 
optical signal drops to half o f the low-ffequency optical amplitude [34]. The conversion 
between optical bandwidth and data rate depends on the modulation format. For non-retum- 
to-zero (NRZ) encoding, it has been documented and is generally accepted that the optimum 
bandwidth for a 10 Gb/s system is approximately 0.7 times the data rate [35].
Electrical power consumption is another important performance parameter. For 
optical modulation, it has two components: power consumed by the modulator device itself 
and power consumed by the electronics used to drive the modulator. The goal is to lower 
power consumption because high power generally means high drive voltages that require 
expensive drive circuitry such as those based on silicon-germanium (SiGe) or indium 
phosphide (InP). Low power or voltage designs that can use CMOS solutions are 
significantly cheaper, more reliable, and allows for more seamless device integration. While 
it is the total power consurhed by both the modulator and driver that matters most, sometimes 
the power consumed by the modulator itself is used as the benchmark to compare the 
performance o f different modulators without having to consider different driver designs.
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CHAPTER 3. 
LITERATURE REVIEW
Silicon’s illustrious legacy began in microelectronics with Intel’s breakthrough invention of 
the first commercial microprocessor in 1971. It has since become the most studied material 
in history atid is fuelling a semiconductor industry that is projected to be worth almost $266 
billion in 2008 [36]. Silicon’s role in photonics, on the other hand, has been much more 
modest in comparison. The optical component industry instead has been dominated by silica 
fibres, compound semiconductors such as indium phosphide and gallium arsenide, and the 
electro-optic crystal LiNbOs. Nevertheless, Si-based planar optical circuits have received 
considerable research interest over the years because o f the benefits o f cost reduction, the 
promise o f compact devices, and the potential for photonic integration and perhaps even 
photonic-electronic integration.
3.01 Silicon Waveguides
In the mid-1980s, Soref and Lorenzo began studying Si as a platform for integrated 
optics at the infrared communication wavelengths of 1.3 and 1.6 |um [5,6]. They believed 
that Si is suitable for building both passive and active devices such as waveguides, couplers, 
filters, interferometers, mode converters, switches, and modulators -  “essentially every 
integrated-optical component except an optical source [6]”. For waveguiding, they suggested 
several options for achieving the needed refractive index difference between the guiding core 
and the confining cladding: SOI, stress-induced index change, and undoped Si on heavily
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doped Si. These techniques are still used today, some extensively, for building waveguides 
and filters. Also interesting is that they considered and ruled out using poly-silicon (poly-Si) 
and amorphous Si as core materials because o f their high optical loss. The first set o f Si rib 
waveguides they fabricated were based on undoped crystalline Si core and doped crystalline 
Si cladding. The measured transmission loss at 1.3 pm ranged from 15 to 20 dB/cm. They, 
however, postulated that the inherent loss o f a Si waveguide should be much less than 1 
dB/cm [6].
By the early 1990’s, this assertion was validated when Schmidtchen et al. 
demonstrated 0.5 dB/cm transmission loss in single-mode SOI rib waveguides and Rickman 
et al. reported 0.14 dB/cm loss in SOI slab waveguides, both based on SIMOX material 
[37,38]. SIMOX (Separation by IMplantation o f OXygen) is a technique that forms a buried 
oxide layer beneath a crystalline Si layer by implanting high doses o f oxygen ions into the 
wafer. A high temperature anneal is used to form the needed continuous layer o f SiO] and to 
recrystallize the damaged top Si. Major limitations with SIMOX are that it is difficult to 
achieve thick SiO: layers greater than 0.4 pm and it has relatively large amounts o f threading 
dislocations (10"^-10^ cm“ )^ in the top Si that do not heal with anneal.
In the years that followed, low loss transmission in Si was also demonstrated in 
single-mode rib waveguides based on SOI formed by direct wafer bonding. Fischer et al. 
demonstrated 0.1 dB/cm loss in 1996 using BESOI (Bond and Etch back Silicon On 
Insulator) material [9]. The BESOI process involves bonding two Si wafers, one called the 
seed (of which the top SOI Si will be created) and the other called the handle (which will 
serve as the SOI substrate). The seed wafer is first implanted with high concentration o f 
boron as an etch stop. Then both wafers are oxidized and placed one on top o f the other with 
the oxidized layers in direct contact. The exposed seed wafer surface is then etched until it 
reaches the etch stop. Another implementation o f this process is to use polishing or grinding
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to remove the excess Si from the seed layer and to control the top Si thiekness, thereby 
removing the need for the etch stop layer. While BESOI has more flexibility to vary the SiO] 
thiekness compared to SIMOX, it is difficult to attain thin and highly uniform Si because of 
the layer thinning process.
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Figure 3-1 : Process flow  for making Smart-Cut SOI wafers [39].
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Then in 1999, Ang et al. reported 0.15 dB/cm loss using SOI wafers created using the 
Unibond or Smart-Cut process [10]. Figure 3-1 shows the process flow for making Smart- 
Cut SOI wafers [39]. A seed wafer is first oxidized to form the desired buried oxide layer. It 
is then implanted with hydrogen to form a uniform hydrogen-rich layer underneath the top 
oxide. This seed wafer is then flipped up-side down on the handle wafer. A thermal anneal 
then creates the wafer bond. During the same anneal, hydrogen implanted into the seed wafer 
forms molecular hydrogen and micro-cavities, thereby building up pressure in the hydrogen- 
rich region. In this way the wafer can be split along the implanted plane. SOI wafers formed 
this way have the advantage that both the top Si film and the buried Si02 can cover a wide 
range o f thicknesses with very well controlled uniformity.
Over the same time period, progress was also being made in reducing the transmission 
loss of poly-Si. Despite Soref and Lorenzo’s earlier dismissal o f the material as being highly 
lossy with an absorption coefficient o f 600 cm'* at Z=1.3 pm and 1.55 pm [40], researchers 
took a closer look, primarily motivated by poly-Si’s advantages o f low cost, process 
simplicity, and design flexibility in realizing multiple vertical levels for waveguiding. The 
first poly-Si waveguide was fabricated in 1994 by Black, and its transmission loss at Z = 1.55 
pm was 80 dB/cm [41]. The primary sources o f this loss were identified as scattering due to 
surface roughness and absorption and scattering by lattice defects that populate the grain 
boundaries. By refining the deposition and thermal treatment processes, Liao reported in 
1997 poly.-Si waveguide loss o f 9 dB/cm for 0.2pm x 2pm strip waveguides [42,43].
Further motivated by silicon’s low loss transmission, researchers around the world 
have quite literally tried using Si to build every integrated optical component. There is a 
tremendous amount o f published work, o f varying levels o f development, on Si-based bends, 
couplers, filters, multiplexers, lasers, emitters, modulators, attenuators, detectors, tapers, U-
29
grooves, etc. O f particular interest to this project is o f course literature on optical 
modulation.
3.02 Silicon Optical Modulation
Following Soref and Lorenzo’s proposal to use Si as a waveguiding medium back in 
1985, guided-wave modulators and switches were among the first Si-based optical devices 
studied. Optical modulation is achieved by causing perturbation in the modulator material's 
or structure's complex refractive index, n+ike. The preferred way of realizing index change 
or modulation is by the application o f an electrical field because this approach generally leads 
to low power consumption and fast response time. The electric field effects that are 
commonly observed in semiconductor materials are the Pockels effect, the Kerr effect, and 
the Franz-Keldysh effect. Unfortunately, Si exhibits no Pockel’s effect because its crystal 
lattice is centrosymmetric. Furthermore, a study by Soref and Bennett in 1986 ruled out the 
use of the Kerr and Franz-Keldysh effects because they are both weak in crystalline Si [21]. 
This .therefore leaves only two physical effects for optical modulation in Si - the free carrier 
plasma dispersion effect and the thermo-optic effect. Soref and Bennet, using experimental 
optical absorption spectra o f Si over a relatively large range of acceptor and donor 
concentrations (10*  ^to 10^ ** /cm^), conducted a numerical Kramer-Kronig analysis and found 
that the plasma dispersion effect is promising. For Si, it yields two orders of magnitude 
higher refi*aetive index change compared to the Kerr and Franz-Keldysh effects for 
experimentally reasonable carrier concentrations and field strengths.
According to the classical Drude model, the real refractive index change (An) and 
optical absorption coefficient change (Aa) due to free carriers in Si are given by [6,20]
An = — AY, , AY, 1—I r~ (38)
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A a  = AY, AA/,*2  *2 (39)
where A is the wavelength o f light in free space, c is the velocity o f light in vacuum, n is the 
refractive index o f intrinsic Si, m^e is the effective mass o f electrons, m*Aisthe effective mass 
of holes, jUe is the electron mobility, and f^ h is the hole mobility. ANe and ANh are changes in 
electron and hole densities with units o f cm'^. Soref and Bennef s analysis more accurately 
quantified the index perturbation due to accumulated electrons and holes [21]. For Z = 1.3 
|im, they produced the following empirical expressions
A» = A», + AM, = -[6 .2x10-^  AA/, +6.0xl0-*^AA/,)°"] (40)
Aar = A6%, + Acr, = 6.0 x lO"*" AY, + 4.0 x 10'*' AY, (41)
where Æg and are changes in real index and absorption coefficient due to electrons, and 
Anh and Aan are changes in index and absorption due to holes. For 1.55 p,m, the expressions 
are
A» = A», +Am, =-[8.8x10-"" AY, +8.5x10"*'(AY,)**'] (42)
Acr = A(%, + Aar, =8.5x10"*' AY, + 6.0 x 10"*' AY, (43)
A change in the refractive index o f the material leads to a change in the effective 
refractive index o f the propagating optical mode, Aneff, which in turn, leads to a change in its 
optical phase. The resulting phase shift, A(f), is given by
A<!>-— An^fj-L (44)
where L  is the length o f the phase shifting element. Using an interferometer or resonant 
device, this phase modulation is transformed into the desired intensity modulation.
The first plasma dispersion modulator in Si was proposed by Soref and Bennett in
1986, in the same publication where they described their Kramer-Kronig analysis of electro­
optic switching in Si [21]. The structure is a single-mode rib waveguide containing a p^-n-n^ 
diode, as shown in Figure 3-2. Lateral optical confinement is created by the rib etch, and 
vertical confinement is created with the use of both upper and lower SiO] cladding layers. 
This proposed modulator resembles the SOI structures commonly employed in today’s Si 
photonics in its use of a SiO] layer as the lower cladding. It is unique in that it maintains 
electrical contact between the n and n^ regions to allow for current flow in the vertical 
direction. The authors suggested that the device can be operated either in injection mode 
(with forward-bias) or in depletion mode (with reverse bias) because both will result in the 
desired charge density change for optical modulation. For reverse bias operation, they 
proposed the use of sub-micron waveguide dimensions because they are comparable to the 
depletion layer thicknesses so optimal mode-charge interaction can be achieved. This 
pioneering work by Soref and Bennett formed the foundation for much subsequent work in Si 
modulator development.
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Figure 3-2; Schematic cross-section o f  Si modulator based on vertical p^-n-n^ diode 
design [21].
In 1988, Friedman et al. presented a theoretical study of Si phase modulators based on 
rib waveguides containing dual injection field-effect transistors (DlFETs) as the active 
element [44]. For single mode operation at 1.3 pm, the waveguide height is 2 jam, rib width 
is 3.6 jam, and rib height is 0.8 jum. Figure 3-3 shows schematic cross-section views along the 
direction of optical propagation for two proposed devices. The first is based on a two-gate 
design where the top and bottom p^ gate regions also act as the waveguide cladding layers to 
confine the optical mode inside the middle n-type region. The second is based on a single­
gate design with the top p^ gate and the bottom SiO] serving as the cladding in an SOI 
implementation.
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Figure 3-3: Cross-section view s o f  a) the dual-gate DIFET in Si and b) the single­
gate DIFET in SOI [44].
By reverse biasing the gates, a depletion layer forms at each p^-n junction. This 
voltage-variable depletion width controls the effective cross-sectional area of the conducting 
channel and therefore the carrier concentration profile for optical modulation. The authors 
predicted that for a gate voltage change of 12 volts, the effective refractive index change Mejf 
could be 1x10'^ for the two-gate DIFET and 0.7x10'^ for the one-gate DIFET. They also 
discussed in some detail a modulator based on a MOS DIFET. They noted that forward- 
biasing the gate of this device will result in charge accumulation near the semiconductor- 
oxide interface and in turn lead to the desired optical modulation. This proposed modulator 
design shares similarities with one of the devices studied for this dissertation.
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Figure 3-4: Schematic cross-section view  o f  the p-i-n diode used for optical 
modulation [45].
In 1991 Treyz et al. experimentally demonstrated an MZI intensity modulator using 
the plasma dispersion effect of a forward-biased p-i-n diode [45]. The diode is formed with 
an n^ Si substrate on the bottom, a 7.7 pm p" layer in the middle, and a 0.5 pm p^ layer on the 
top. As Figure 3-4 shows, a rib waveguide is formed by etching the p^and p' layers. The rib 
width is 13 pm and rib height is 4.6 pm. The p^ and n^ regions act as top and bottom 
cladding for optical confinement; as a result, the p' layer in the middle is the central 
waveguiding region. Under forward bias conditions, electrons and holes are injected into the 
p" region changing its refractive index, which in turn changes the phase of the optical mode
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passing through it. The modulator, which uses an MZI to convert phase modulation into 
intensity modulation, contains a 500 pm long diode in each MZI arm. It was characterized at 
X=  1.32 pm and showed modulation depths of 4.9 dB and 90%-10% response times o f ~ 50 
ns, which translates to bandwidth < 10 MHz.
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Figure 3-5: Cross-section view  o f  the three-terminal lateral p-i-n design in SOI [47].
In 1994, Tang et al. conducted a theoretical study of single-mode optical modulators 
based on the plasma dispersion effect [46]. They also considered rib waveguides containing 
p-i-n diode structures, but in an SOI platform. Using a bottom SiO] layer as the cladding 
significantly improves optical confinement in the vertical direction, allowing for future 
reduction in device size and therefore improvement in mode-charge overlap. The device they 
proposed has a lateral design, as opposed to the vertical design of the previous work. As 
Figure 3-5 shows, here the p^ region is inside the rib, and there are two n^ regions inside the 
waveguide slab. The authors concluded that their three-terminal rib devices, with multi­
micron cross-section, are single-mode and highly efficient. The predicted active length 
required to achieve Ti-radian phase shift at 1 = 1.55 pm is less than 1 mm with a forward bias 
voltage of 0.9 V and drive current of 4 mA. A year later, Tang and Reed experimentally 
demonstrated a phase modulator based on this design [47]. They achieved 7i-radian phase
shift using a 0.5 mm long device and an applied switching bias of 1.7 V. The resulting 
eurrent flow through the modulator was 7 mA.
In 1997, Cutolo et al. proposed the use o f the resonant effect o f Bragg gratings to 
convert Si refraetive index modulation into optical intensity modulation [48]. Their device is 
based on a forward-bias p-i-n diode inside a rib waveguide with a distributed Bragg structure, 
as shown in Figure 3-6. The waveguide height is 3 pm, rib width is 3 pm, and rib height is 
0.85 pm, a geometry that is predieted to exhibit single-mode behaviour for 1 = 1.55 pm. The 
surfaee corrugated grating has a period of 227 nm, a depth of 45 nm, and a length of 3200 
pm. The lateral p-i-n diode is formed by doping two 0.5 pm deep p^ and n^ regions in the 
waveguide slab, on the two sides of the rib. The author’s numerical simulation showed 3-dB 
modulation depth with a power consumption o f 4 mW. They argued that the use o f the Bragg 
grating makes the device more effieient eompared to an MZI implementation, which, with the 
same p-i-n diode design, will consume three times the electrical power for the same 
modulation depth. The authors also simulated the dynamic response of the device and found 
the rise time to be 21.6 ns, which corresponds to a bandwidth o f -  16 MHz.
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Figure 3-6: Schem atic view  o f  the Bragg waveguide modulator [48].
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Between 1999 and 2001, Hewitt and Reed conducted a series of simulation studies of 
three-terminal and two-terminal lateral p-i-n diode-based Si phase modulators for Z = 1.55 
pm [49,50]. As shown in Figure 3-7, their three-terminal device is based on 4x4.5 pm rib 
waveguides with n^p^p^ or n^n^p^ eonfiguration o f doped regions [49]. For a device length of 
500 pm and forward-bias voltage of 0.935 V, they predicted that 7i-radian phase shift can be 
achieved with 2.8 mA drive current for the n^p^p^ design and 3.2 mA for the n^n^p^ design. 
At the time, these current values were the lowest for SOI modulators. Transient response 
simulation was also done and showed that the 90%-10% rise time is 29 ns for the n^p^p^ 
device and 41 ns for the n"^n^ p^  design.
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Figure 3-7: Schematic cross-section o f  the n~p"p' and n n 'p '  modulators [49].
While the three-tenninal devices are highly efficient, they suffer from potential high
optical loss due to the doping contact at the top of the waveguide rib. As a result, Hewitt and 
Reed revisited two-terminal p-i-n diode-based modulators where the high doping and metal 
contacts are only in the waveguide slab, similar to the design proposed by Cutolo [48]. They 
evaluated how various design parameters, such as doping profile, doping concentration, 
diffusion depths, and position of doped regions, govern device performance [50]. They found 
that modulator direct current (DC) performance depends mostly on the doping profile and 
doping concentration o f the n^ and p"^  regions, while the transient behaviour depends 
primarily on the lateral positions of these doped areas. With design optimization, the authors 
believe that 7t-radian phase shift can be achieved with 8 mA drive current for a device that is 
500 jum long, and 90%-10% rise time can be as low as 39 ns.
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Figure 3-8: Schematic view  o f  the p-n diode modulator with longitudinal contacts 
integrated on top o f  the waveguide rib.
In 2000, Dainesi et al. experimentally demonstrated the first MZI modulator in SOI 
[28]. They used rib waveguides with a series of p-n diodes integrated on top of the rib, along 
the direction of light propagation, as shown in Figure 3-8. They believe their longitudinal 
design, where current flows in the same direction as light propagation, is easier to integrate
with standard electronic devices. These rib structures, with an approximate 10x10 pm cross-
section and 1 mm active length, gave 7i-radian phase shift a t X =  1.3 pm with a 2 V forward 
bias. The measured drive current is 102 mA. The demonstrated switching time is 35 ns, 
which corresponds to a modulation bandwidth o f -10  MHz.
While most o f the work on Si modulation was concentrated on using the plasma 
dispersion effect, some research efforts did consider a different approach to achieving optical 
modulation in Si. Taking advantage o f silicon's large index change with temperature, dn/dT  
= 1 86 X  70'^ /K, researchers also demonstrated modulators using the thermo-optic effect. In 
1991, Treyz showed an MZI modulator with integrated thin film metal heaters [51]. The rib 
waveguide structure used has a width o f 10 pm and an active length o f 500 pm. It achieved 
7i-radian phase shift at Z = 1.3 pm with 75 mW of applied power. It has a switching time o f 
50 ps, which corresponds to 7 kHz. In 1995, Cocorullo et al. reported on a Fabry-Perot Si 
thermooptic modulator [26]. They use a multi-mode strip waveguide design with a 4.5 pm 
thick lightly-doped epitaxial Si core, heavily doped Si bottom cladding, and poly-Si top 
cladding. The poly-Si layer is also used as the thermal heater. The Fabry-Perot optical cavity 
is obtained by anisotropic plasma etching o f the guiding Si epi-layer; the resulting vertical Si- 
air interfaces serve as the étalon mirrors. This same etch step also defined the waveguide 
width, which is 15 pm. The modulator was driven with 50 ns long voltage pulses. It 
achieved 60% modulation depth with an active length o f 100 pm and a switching energy o f 
0.2 pJ. A 3-dB bandwidth o f 700 KHz was measured.
All o f the above mentioned modulators have proven quite efficient and are compatible 
with CMOS processing, but they share one common flaw - low frequency response. 
Motivated by the demand for bandwidth, researchers concentrated on high-speed Si 
modulation. One approach is to use the same physical effects as before o f carrier injection 
and thermal heating but to minimize the devices' cross sectional dimensions. In 2003, Png et 
al. published a theoretical study in which they showed that 1.3 GHz modulation bandwidth is
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achievable with a lateral, three-terminal p-i-n diode device based on SOI [29]. The device is 
similar in design to those published by Tang et al. [46,47] and Hewitt et al. [49] The drastic 
improvement in frequency response over those previous designs is obtained theoretically by 
reducing device size and optimizing doping profiles, thereby accelerating the carrier injection 
and recombination processes that have been limiting speed. The proposed device has a 
waveguide height o f I pm and rib width o f 0.6 pm.
Also utilizing size reduction, Irace et al. significantly improved the bandwidth 
performance of a Bragg waveguide modulator first proposed in 1997, as shown in Figure 3-6 
(page 36). The new design has 1 pm waveguide height, 1 pm rib width, and Orl pm rib 
height [30]. Compared to the previous device’s predicted bandwidth o f 16 MHz, this smaller 
version is modelled to have 1.4 GHz operating bandwidth. This drastic improvement is 
obtained not only by reducing the waveguide size but also by optimizing the drive signal to 
over-bias the junction during the “o ff’-“on” transition and reverse bias it during the “o ff’ 
state.
The approach o f reducing device size to improve modulation speed was also used by 
Geis et al. in 2003 for thermo-optic modulators [27]. Their waveguide has a cross-section of 
0.26 pm X  0.4 pm, which is a single-mode strip device. Measured speed is 1 MHz, but 10 
MHz is believed to be attainable. While MHz bandwidth is still relatively slow, it is an 
improvement over the kHz type speeds of previous thermo-optic modulators in Si [51,26].
A key breakthrough in high speed Si modulation came in 2004 when Liu et al. 
experimentally demonstrated the first GHz Si modulator [52,53]. The device is also based on 
the free carrier plasma dispersion effect but uses a novel MOS-capacitor design. The 
structure is a 2.5 pm x 2.3 pm rib waveguide consisting of a p-type poly-Si rib and an n-type 
Si slab separated by a 12 nm SiOi gate, as shown schematically in Figure 3-9. A forward- 
bias voltage induces an accumulation of charges near the gate oxide, which in turn modifies
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the waveguide refractive index profile and ultimately the optical phase o f light passing 
through it. An MZI is again used to convert phase modulation into intensity modulation. 
Because charge transport in the MOS capacitor is governed by majority carriers, device 
bandwidth is governed by resistance (R) and capacitance (Q  and is not limited by the 
relatively slow carrier recombination processes of p-i-n diode designs. This capacitor-based 
device demonstrated 2.5 GHz modulation bandwidth and 4 Gb/s data transmission [54]. It 
became the first Si modulator to experimentally break the GHz barrier. Compared to 
forward-biased diode devices, the drawback of the MOS-capacitor design is that the mode- 
charge overlap is relatively weak because the region experiencing charge accumulation is 
thin. This device has a phase efficiency of 7.8 V-cm.
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Figure 3-9: Cross-section schematic o f  the M OS-capacitor based modulator. It is a 
rib waveguide comprised o f  a p-type poly-Si rib and an n-type Si slab that are 
separated by a thin gate oxide [52].
To further enhance modulator bandwidth and efficiency, Liao et al. in 2005 improved 
the MOS-capacitor modulator design [55]. The researchers reduced the waveguide cross- 
section down to ~ 1.6 jum x 1.6 pm, replaced the poly-Si with epitaxial Si, increased the 
doping concentrations, and reduced the distance between the waveguide rib and metal 
contacts. These design improvements reduced both device capacitance and resistance. As a
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result, the modulator demonstrated an intrinsic bandwidth of 10 GHz and transmitted data up 
to 10 Gb/s. Its phase efficiency also improved to 3.3 V-cm. This demonstration represented 
another key breakthrough in high speed modulation as it was the first Si device to reach the 
10 Gb/s speed milestone. The MOS-capacitor modulator work was significant in yet another 
regard -  it showed the potential of high speed Si modulation and brought renewed interest to 
the field of Si photonics. This is evident in the dramatic increase in the amount of quality 
work being done in the last few years in all areas of Si photonics; some recent noteworthy 
efforts in Si modulation are presented below.
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Figure 3-10: Top-down schematic view  o f  the p-i-n diode modulator based on a
ring resonator design. The inset shows the cross-section o f  the ring [56].
In 2005, Xu et al. experimentally demonstrated a ring resonator based Si modulator 
containing a p-i-n diode [56]. A schematic of this device is given in Figure 3-10. Similar to 
previous efforts of using Bragg gratings and Fabry-Perot cavities, this ring design uses the 
resonant effect to convert Si refractive index modulation into optical intensity modulation. 
Both the ring and single bus waveguides have only 0.45 pm width and 0.25 pm height. To
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electrically contact the device, the waveguides have a 50 nm thick slab. So, they are 
technically rib waveguides. The device uses a 6 pm radius ring as the intrinsic region. The 
area inside the ring is doped p-type, and area outside the ring is doped n-type. As a result, the 
active structure is a two-terminal, lateral p-i-n diode similar to ones previously demonstrated. 
The effective refractive index of the ring is changed using carrier injection under forward 
bias. With this change in effective index, the resonant wavelength shifts, which changes or 
modulates the optical power at the through port of the bus waveguide. The dynamic response 
of the modulator was measured using both non-retum-to-zero (NRZ) and retum-to-zero (RZ) 
drive signals; data transmission was demonstrated at both 0.4 and 1.5 Gb/s, respectively.
(a) (b)
Figure 3-11: Eye diagrams o f  a) the electrical drive and b) the ring resonator 
modulator optical response [57].
Using pre-emphasized drive signal of nearly 8 Vpp non-return to zero (NRZ) data 
pattern and 8 V peak amplitude occurring at each “on-off’ and “off-on” transition, the 
researchers enhanced the modulator speed and demonstrated 12.5 Gb/s data transmission in 
2007 [57]. Eye diagrams of the 12.5 Gb/s electrical drive signal with pre-emphasis as well 
as the optical response are given in Figure 3-11. The ultra-compact size o f the device and the 
nonlinear transfer function of the ring, coupled with the pre-emphasized drive signal to 
enhance carrier dynamics, enabled this high speed performance, which to date is the fastest
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demonstrated optical modulation for a forward-biased diode-based device in Si. The 
drawbacks of this device are its wavelength dependence and temperature sensitivity inherent 
to the ring resonator design, which necessitates constant and accurate temperature 
stabilization. Furthermore, while the DC electrical power consumed by the device is in the 
tens o f juW range, the excess electrical power needed to generate the large pre-emphasized 
drive signals could be prohibitive for many applications.
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Figure 3-12: a) Pre-emphasized electrical drive signal at 5 Gb/s. b) Corresponding 
optical signal o f  the MZI modulator with 100 pm length [58].
In 2007, Green et al. experimentally demonstrated a ultra-compact p -^i-n"  ^diode MZI 
modulator capable of data rates up to 10 Gb/s [58]. Cross-section of the active structure is 
very similar to that used by Xu et al. [56,57], both in terms of waveguide 
geometry/dimensions as well as placement of the doped regions. The difference is that an 
MZI, instead of a ring resonator, is used to convert optical index modulation into intensity
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modulation. Again using a pre-emphasized drive signal, with 1.2 Vpp NRZ data pattern and
3.5 V peak amplitude at each data transition, the researchers demonstrated 5 Gb/s data 
transmission for a 100 pm long modulator, as shown in Figure 3-12, and 10 Gb/s data 
transmission for a 200 pm long modulator. The merits o f this device are its compact size, 
large wavelength range o f operation, and relatively high modulation bandwidth. While the 
researchers quote a relatively low 51 mW electrical power consumption for the device, they 
do not give an estimate of the power required to generate the pre-emphasized drive signal, 
which could add hundreds o f mW depending on the driver design.
Also considering a diode-based modulator, Gardes et al. proposed in 2005 a reverse- 
biased p-n junction device that is modelled to have an ultra-fast response time o f 7 ps [59]. 
This design puts a horizontal p-n diode inside a rib waveguide with 0.415 pm width and 0.45 
um height. Under reverse bias, carriers near the junction are depleted. This electric-fleld 
induced majority carrier movement is inherently faster than the carrier generation and/or 
recombination processes o f the forward-biased p-i-n diode. Like the MOS-capacitor based 
modulators, its device bandwidth is governed by the RC time constant. Because the depletion 
width of the p-n diode is much wider than the gate thickness o f the MOS capacitor, the diode 
has lower capacitance, which translates to inherently higher speed than the MOS capacitor if  
device resistances are comparable. In 2007, Liu et al. experimentally demonstrated a reverse- 
biased p-n diode based modulator with similar design [60,61]. A schematic cross-sectional 
view o f this device is shown in Figure 3-13. It is based on a rib waveguide with 0.6 pm 
width and 0.6 pm height. Using a travelling wave electrode design to allow co-propagation 
o f the electrical and optical signals at similar speeds, this p-n diode device became the first 
and only Si modulator to-date to demonstrate -30  GHz bandwidth and 40 Gb/s data 
transmission [61].
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Figure 3-13: Schematic o f  the pn diode waveguide phase shifter. A traveling wave 
electrode based on a coplanar waveguide design allows co-propagation o f  the 
electrical and optical waves [60].
While the speed of forward-biased p-i-n diode based modulators is limited by 
minority carrier dynamics, the combination of device size reduction and pre-emphasized 
electrical drive have enabled >10 Gb/s performance. Nevertheless, these devices have two 
major drawbacks. First, the pre-emphasized signals needed for high speed performance 
require drive circuitry that will consume a large amount of electrical power. Second, there 
are no clear design improvements that can further scale device speed. On the other hand, the 
MOS capacitor and reverse-biased p-n diode based modulators are inherently fast. Tens of 
Gb/s modulation has already been demonstrated. Furthermore, small drive signal is possible 
to dramatically reduce power consumption. The one drawback associated with these designs 
is their relatively poor phase efficiency. This is because only a small region of the waveguide 
experiences the voltage-induced charge density change. So, unless the waveguides can be 
made very small to increase the mode-charge overlap, longer modulator lengths are needed to 
achieve the desired phase shift.
While significant progress is being made using the free carrier plasma dispersion 
effect for high speed Si modulation, researchers recognize their limitations and saw promise 
in other physical mechanisms. Attracted by the Quantum Confined Stark Effect's (QCSE) 
promise of high speed, which has been successfully harnessed by compound semiconductor
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modulators [62,63], researchers are also attempting to make Si-based quantum well devices 
[64,65,66,23]. QCSE is an electric field induced change in optical absorption 
(electroabsorption) that is seen in some quantum well structures. Earlier attempts to 
demonstrate QCSE in Si yielded very little success because in the commonly considered Si- 
germanium (Si-Ge) / Si quantum wells, type-I band alignment (electron and hole minima in 
the same material layer) has an inherently small conduction band offset that limits the 
achievable red Stark shift and even in some cases lead to an anomalous blue shift [66]. A 
theoretical study, nonetheless, predicts that there is a small range of Si and Ge concentrations, 
namely strained Ge/Sio.isGeo.ss quantum wells, that allows sufficient conduction and valence 
band offsets to demonstrate efficient QCSE [64].
In 2005, Kuo et al. created a p-i-n diode structure on Si substrate with monolithically 
grown Ge/Sio.i5Geo,85 quantum wells inside the intrinsic region [23]. The device was 
optically illuminated from the top, and under reverse bias, generated measurable 
photocurrent. Absorption spectra, extrapolated from the photocurrent data, show clear shifts 
of the absorption edge to lower photon energies with applied voltage. This clearly indicates 
the presence of QCSE. While this is an exciting proof o f the physical effect in a Si- 
compatible system, actual optical modulation was not demonstrated.
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Figure 3-14: Schematic view  o f  the QCSE modulator using an asymmetric Fabry- 
Perot cavity [67].
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In 2007, Roth et al. improved upon the work of Kuo et al. by measuring the 
transmitted light through a similar device structure and, as a result, showed the first 
modulator based on the QCSE in group IV materials [67]. Their modulator is based on a 
side-entry architecture employing an asymmetric Fabry-Perot cavity at grazing incidence, as 
shown in Figure 3-14. The optical beam enters the Si substrate through a polished edge facet. 
It is focused from the substrate side at an oblique incidence onto the mesa, which contains top 
and bottom reflectors sandwiching the optically active material. Light reflected from the 
cavity is coupled out of another substrate edge facet on the opposite side of the chip. Oblique 
incidence is advantageous compared to normal incidence because the interaction length of the 
beam with the optically active material will be longer per pass. The active region of the 
structure contains a boron doped SiGe buffer directly on top of the Si substrate, 40 quantum 
wells in a super-lattice of 15.5 nm Ge well layers separated by ~ 33 nm thick Sio.i6Geo.84 
barriers, and a top layer of n-doped SiGe.
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Figure 3-15: Modulation depth o f  QCSE modulator for 0 -  10 V reverse bias [67].
This device showed a maximum modulation depth of 7.3 dB at À, = 1.457 pm for a 10 
V swing, as shown in Figure 3-15. The modulation depth decreases away from the band
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edge, dropping to 3 dB at 1.441 pm and 1.461 pm and to nearly 0 dB outside the range of 
1.435 pm to 1.465 pm. This inherent wavelength dependence is one potential drawback, 
which requires devices to be tailor made or thermally tuned for specific wavelengths and 
applications. Another potential limitation of this device is its operating wavelength o f -1.46 
pm, which is far from both standard communication wavelengths of 1.3 and 1.55 pm. While 
the SiGe concentration can be adjusted for different operating wavelengths, its tuning range is 
limited by the need to maintain sufficient conduction and valence band offsets for QCSE.
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Figure 3-16: Schematic view  o f  SiGe Franz-Keldysh modulator m onolithically  
integrated with Si w aveguides and SiGe photodetectors on an SOI platform [24].
Also working with the SiGe material system, Liu et al. in 2007 presented a simulation 
study of SiGe electroabsorption (EA) modulators based on the Franz-Keldysh effect [24]. 
For optimal performance around 1550 nm, they chose the compound concentration of 
S i 0 .0 0 7 5 G e 0 .9 9 2 5  because it yields the largest absorption contrast Aa/a for a given applied 
reverse-bias voltage or electric field. Due to the relatively high absorption coefficient of 
S i 0 .0 0 7 5 G e 0 .9 9 2 5  at 1550 nm, the length of the EA modulator is designed to be less than 70 pm 
for an insertion loss of less than 5 dB. To monolithically integrate the modulator on an SOI 
platform, it is butt-coupled to Si waveguides as shown in Figure 3-16. The modulator is
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based  on a vertical S i/ Sio.0075Geo.9925/S i p -i-n  d iod e  d esign  w ith  a d op in g  lev e l of 2% lO'^  
/cm^ in both  n^ and p^ Si reg ion s. N o te  that th is im plem en tation  a lso  a llo w s for the 
in tegration  o f  a p h otod etector o f  the sam e co m p o sitio n  in the sam e ch ip . T he on ly  d ifferen ce  
b etw een  the m odulator and the d etector is that the latter m ust b e o f  a lon ger length  to provide  
su ffic ien t absorption.
Insertion Loss (dB)
4 6 8 10 12
20 40 60 80 100 120 140
Device Length (pm)
Figure 3-17: Modulator bandwidth and ER vs. device length for S i 0 . 0 0 7 5 G e 0 . 9 9 2 5  
Franz-Keldysh modulator with 0.6 pm width and 0.4 pm height [24].
For a Si/ Si0.0075Ge0.9925/Si modulator with 0.6 pm width, 0.4 pm height, and 50 pm 
length, the predicted modulation depth is 10 dB for -3.3 V reverse bias and 3-dB bandwidth is 
>90 GHz, as shown in Figure 3-17. The corresponding insertion loss is 5 dB, of which 4 dB 
is due to SiGe absorption. To reduce insertion loss, a shorter device length can be used. For 
example, a 25 pm long device will result in only 2 dB loss while still maintain 5 dB ER. The 
associated bandwidth can be as high as 110 GHz. In 2008, the same researchers 
experimentally demonstrated this Franz-Keldysh modulator [25]. It is 50 pm long with 600 
nm width and 400 nm height. With -7 V reverse bias, it achieved 6 dB ER over the 
wavelength range 1510 - 1552 nm. It has 1.2 GHz 3-dB bandwidth, which is much lower 
than theoretical prediction. The poor speed performance is believed to be caused by high
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series resistance resulting from a fabrication error. Optical loss is 3.7 dB at 1550 nm and is <
7.5 dB over the wavelength range of 1539 -  1553 nm. While this modulator based on the 
Franz-Keldysh effect is very compact and promises very high speeds, its inherent wavelength 
dependence is one potential drawback. Another issue is performance degradation with 
reduced voltage. If low voltage operation such as 1-2 Vpp is required, the wavelength 
bandwidth further reduces and so does the ER.
While some researchers are adding Ge to Si to realize the QCSE and the Franz- 
Keldysh effect, Jacobsen et al. altered the lattice structure o f crystalline Si itself to realize 
another electric field effect - the Pockef s effect [22]. Si exhibits no Pockef s effect because 
its crystal lattice is centro-symmetric. The researchers found that this symmetry can be 
broken by depositing a straining layer on top of the crystal. As Figure 3-18 shows, the 
straining layer can alter the Si lattice constant in the horizontal direction, inducing the 
asymmetry that is needed for the Pockef s effect. With silicon nitride (SisN4) as the strain- 
inducing top layer. Si’s nonlinearity coefficient is measured to be ~15 pm .V ’. For 
comparison, the largest in LiNbOs is 360 pm .V '\ While the material non linearity 
coefficient in strained Si is more than a magnitude less than that in LiNbOs, the researchers 
argue that much stronger electric field can be induced for a given applied voltage in a Si- 
based modulator because it can support much smaller electrode spacing than a LiNbOs 
modulator.
r s u v .
: v i f /
Figure 3-18: Schematic diagrams illustrating the change in Si lattice structure with 
strain: a) Si waveguide fabricated in SOI; b) the same waveguide with a straining 
layer deposited on top [2 2 ].
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Prior to the start o f this dissertation project in 2003, demonstrated Si modulators were 
based solely on the plasma dispersion effect of forward-biased p-i-n diodes and the thermo­
optic effect. The highest speed experimentally demonstrated, regardless o f the physical effect 
or device design used, was tens of MHz [28]. In the last five years, the field o f Si modulation 
has experienced tremendous growth and advancement, as evident from the selection of 
published literature sited here. This renewed enthusiasm is partly motivated by work 
associated with this dissertation, which will be discussed in detail in the following chapters.
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CHAPTER 4. 
SIMULATION and MODELING
As devices reviewed in the previous chapter show, high speed Si modulators are complex 
electro-optic components whose many design parameters simultaneous affect multiple 
performance characteristics. For example, the waveguide geometry and size control not only 
the optical propagation characteristics o f the device but also its modulation efficiency by 
determining the overlap or interaction between the light and the index changing regions. The 
specific design o f the active element, which includes the doping profiles, metal contact 
positions, and metal electrode layout, affects not only optical loss but also device efficiency 
and bandwidth. The structures therefore must be carefully designed to meet the desired set o f 
performance targets.
To narrow the design space and quickly understand performance tradeoffs o f varying 
different design parameters, a number of simulation software packages are utilized. These 
simulators are used in an iterative process to design and optimize manufacturable devices. 
The commercial mode solver Photon Design FIMMWAVE is used to understand optical 
modal properties including the effect o f carrier-induced index changes. The commercial 
semiconductor device simulator Silvaco ATLAS is used to define the preferred doping 
profiles and to analyze voltage-induced changes in carrier distribution and carrier dynamics. 
The commercial 3-D electromagnetics modelling software Ansoft HFSS is used to evaluate 
RF mode propagation and to design modulator electrodes for high speed operation. With a 
small number o f designs in mind and before actual device fabrication, the process simulator
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FLOOPS is used to help develop the various process steps and set process parameters. Below 
are brief discussions summarizing the key features of the different modelling programs and 
how they are used for the current project.
4.01 Photon Design FIMMWAVE
As discussed in Chapter 2, the most fundamental building block o f a guided wave 
modulator is the optical waveguide. For this project, it is designed using the commercial 
software Photon Design FIMMWAVE. FIMMWAVE is a fully vectorial mode finder for 
two dimensional (2D) structures o f almost any geometry and material system. It contains a 
number o f computationally efficient solvers tailored for either rectangular waveguides or 
circular fibres. Its mode solver that is optimized for waveguide structures is called the FMM 
solver, and its name comes from the fact that it is based on the film mode matching (FMM) 
method [68]. It models an arbitrary waveguide by dividing it into a number of uniform 
rectangles. For example, the structure can be built by first creating a number of vertical 
slices, each uniform laterally. These slices can then be divided into different numbers of 
vertical layers or rectangles. Each is uniform and has its own complex refractive index. 
Inside each slice, TE and TM ID modes are generated semi-analytically. Matrices of overlap 
integrals between the ID modes of neighbouring slices are then calculated. This is followed 
by finding the set of coefficients for the ID modes that will give field profile obeying 
Maxwell’s equations everywhere inside the simulation window. The last step is to determine 
the propagation constant of the 2D mode that will satisfy the boundary conditions; this is 
done by scanning the propagation constant over a range o f values and “propagating” each 
solution from the left hand side o f the simulation window to the right hand side, using the 
overlap matrices generated previously. Because this method treats the structure as large 
regions o f uniform index, it is generally faster and more accurate than finite element or finite
54
difference methods. Because it does not use grids, it is also good at modelling devices with 
very thin layers.
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Figure 4-1 : a) A simple rib waveguide created in FIMMWAVE; b) the user interface
for specifying waveguide geometry and material parameters.
FIMMWAVE has an easy to use interface for designing and visualizing the 
waveguide structure. For illustration, Figure 4-1 (a) is a simple rib waveguide created in 
FIMMWAVE. It contains three vertical slices: slab on the left, rib in the middle, and slab on 
the right. The panel to the right of the waveguide cross-section gives the real refractive 
indices of one of the slab slices. Figure 4-1 (b) is the user interface where the design details of 
this waveguide are specified. The window on the left allows the user to create the vertical 
slices and input values for parameters such as slice width and boundary conditions. The
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window on the right allows the user to specify design details for the uniform rectangles 
within the different vertical slices. In this illustration, the middle rib slice is selected. As one 
can see, it has three uniform areas: the SiO] top cladding, the Si waveguide core, and the SiO] 
bottom cladding. For each layer, one can input the thickness, the real refractive index, and 
the absorption coefficient. Global parameters, such as optical wavelength, the number of ID 
modes to be used for the simulation, and the desired number of calculated 2D modes, can be 
easily specified in a separate input window.
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Figure 4-2: FlMMWAVE’s calculated mode properties for the fundamental TE 
mode of the waveguide given in Figure 4-1.
Once a simulation run is complete, FIMMWAVE provides a list of calculated optical 
modes (both confined and leaky) according to the user’s criteria. As Figure 4-2 shows, for 
each mode, it displays important data such as propagation constant, effective index, TE
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fraction, confinement factor, group index, etc. It also offers a good visualization tool for 
analyzing mode profiles, including ID line-cuts, 2D contours, and 3D plots. Figure 4-3 is the 
2D optical intensity contour o f the fundamental TE mode o f the rib waveguide shown in 
Figure 4-1. The small panels on the right and bottom of the figure are vertical and horizontal 
line-cuts of the contour, respectively. Other modal properties that can be visualized include 
Ex, Ey, Hx, Hy, etc.
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Figure 4-3: 2D intensity contour and line-cuts o f  the fundamental TE m ode o f  the rib 
waveguide given in Figure 4-1.
There are two goals when designing the waveguides for the modulators -  to achieve 
single-mode operation and to attain high modulation efficiency while keeping in mind the 
processing limitations. As discussed in Chapter 2, rib waveguides allow single mode 
operation with much larger waveguide dimensions compared to strip waveguides. Their 
larger sizes make rib waveguides more desirable for a number of reasons:
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1) They place less demand on lithography resolution so less advanced fabrication 
facilities and tools can be used to lower cost.
2) They have lower coupling loss to fibre by allowing better mode size matching.
3) They potentially have lower propagation loss because the optical mode interacts less 
with roughness on the waveguide’s surfaces and sidewalls.
For these reasons, waveguides for this project all have the rib design.
To ensure that a waveguide is single-mode, it is first created in FIMMWAVE and 
then refined based on the simulation results. Its first 10-20 modes (both confined and leaky) 
are calculated using the FMM solver for the desired wavelength of 1.55 pm. If more than 
one confined TE or TM mode is found, the waveguide is of course multi-mode. For a given 
waveguide height, then either the rib width and/or rib height is reduced, and the structure is 
modelled again until single mode behaviour is obtained.
The second goal is to achieve high modulation efficiency. For this project, 
modulators are based on the free carrier effect of two basic device structures -  the MOS 
capacitor and the reverse-biased p-n diode. While these devices have inherently fast carrier 
dynamics that can lead to high speed modulation, the device region that exhibits carrier 
density change is relatively small. So to understand the charge-induced effective index 
change or modulation efficiency, it is important to model the interaction between the optical 
mode and the carriers. To do so, Silvaco ATLAS is first used to simulate the carrier 
distribution profiles for different bias conditions. From these, the complex refractive index 
profiles are calculated and reorganized into the required matrix data format for import into 
the FIMMWAVE model. Because the import file has a limited number of data points, the 
model has to generate refractive index values in between the points. The user can specify 
how this is done -  either the index profile will be piecewise constant or it will be a linearly 
interpolated profile based on the imported values.
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The FMM solver then calculates the effective refractive index o f the mode for the 
different applied voltages. Optical loss is determined from the imaginary part, ke, o f the 
index. Optical phase shift is obtained from the change in the real part. An, o f the index (using 
Equation 44 on page 31). To improve phase modulation efficiency, the simple design rules 
of thumb are to reduce waveguide size to increase optical field amplitude at any given 
location inside the core and to design the active device such that the region with carrier 
density change is near or at the centre of the optical mode. These design rules cannot be 
applied without limit, as they must be balanced with the limitations imposed by the 
fabrication tools and processes.
Note that for this project only optical loss associated with dopants and metal is 
modelled using FIMMWAVE. Scattering loss due to sidewall roughness, for example, is not 
considered. Dopants contribute to optical loss because they result in free carriers; Equations 
41 and 43 on page 31 show that absorption loss is directly proportional to carrier 
concentration. So high doping levels, particularly those used for Ohmic contact with metal, 
can potentially lead to high loss. Metal films are needed for electrical contact and are an 
integral part o f any active device. Aluminium and copper that are commonly used in most 
applications have optical extinction coefficient, Ag, o f 8-16 at 1.55 pm wavelength [69,70]. 
Their optical losses are therefore on the order of 3-6x10^ dB/cm. To ensure that device loss 
is low, structures must be designed so their high concentration doping and metal are far from 
the optical mode to minimize overlap.
4.02 Silvaco ATLAS
After candidate waveguide geometries have been identified, the next step in the 
design process is to create the active device for optical modulation. This is done using the 
commercial software Silvaco ATLAS, which is a physically-based simulator that can analyze
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direct current (DC), alternating current (AC), and time domain responses of semiconductor 
devices in 2D and 3D. It has an extensive collection o f physical models including those for 
carrier statistics, mobility, recombination, impact ionization, tunnelling, and injection. 
ATLAS models the operation of devices by first mapping them onto a geometric grid. By 
applying a set of differential equations derived from Maxwell’s laws onto this grid, carrier 
transport and therefore electrical characteristics of the specified structures and bias conditions 
can be simulated.
The simulation process begins with the definition of the physical device structure and 
operating conditions. Unlike FIMMWAVE, ATLAS does not have a graphical user 
interface. The user has to create a command file with all the inputs and specifications for 
ATLAS to execute. This command file generally has five groups o f statements for specifying 
the different aspects o f the simulation problem
1) The device structure, which includes definition o f the mesh, the device geometry or 
regions, and doping type and concentration.
2) The models, which includes definition of material properties, interface properties, and 
physical models.
3) The numerical method, which determines how and in what sequence the differential 
equations are solved to obtain a stable solution.
4) The device operating conditions, which allow the user to define the voltages on each 
o f the electrodes to calculate DC, AC, and transient solutions.
5) Results analysis, which lets the user specify what data is saved, graphed, and 
analyzed.
Modulator devices studied for this project are all based on the free carrier plasma 
dispersion effect where the desired index modulation is produced by a change in free carrier 
density. As a result, the devices’ hole and electron concentrations as a function of position
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and bias voltage are important parameters that govern phase modulation efficiency. 
Likewise, hole and electron distributions as a function of time or their transient response to a 
drive voltage directly affect modulation speed. In this manner, the key electrical parameters 
that are monitored in ATLAS are the carrier coneentrations.
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Figure 4-4: a) A MOS-capacitor device created in ATLAS; note that the gate oxide is 
not visible because it is only 6 nm thick, b) A vertical line-cut through the centre of 
the device shows high concentrations of electrons and holes accumulated near the 
gate oxide under forward bias.
For illustration. Figure 4-4(a) is a 2D MOS-capacitor device created in ATLAS. It 
contains a thin horizontal SiO] gate sandwiched between a p-type Si on the top with 1.5x10'^ 
cm'^ doping concentration and an n-type Si on the bottom also with 1.5xl0'^ cm'^ doping 
concentration. Under forward bias, holes from the p-type Si and electrons from the n-type Si 
accumulate near the gate oxide as shown in Figure 4-4(b), which is a vertical line-cut through 
the centre of the device with 1.7 V bias. Note that the accumulated charge concentrations can 
be very high but the regions with charge accumulation are very thin. It is therefore important
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that they are positioned in or near the centre of the waveguide to maximize the overlap 
integral with the optical mode for optimal phase modulation efficiency.
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Figure 4-5: Results from ATLAS transient response simulation: the graph on the top 
shows the electrical drive and the graph on the bottom shows the resulting density of 
holes accumulated near the gate oxide. Note that a MOS-capacitor device has a flat 
band voltage of approximately 1.2 V, which is why there is little to no charge 
accumulation from 0 to 0.7 V drive.
Another important performance parameter that must be understood and optimized is 
modulation speed. For plasma dispersion based devices such as the MOS-capacitor and p-n 
diode, earrier dynamics which control how fast charges accumulate and deplete determine the 
intrinsic device bandwidth. This aspect of device performance is predicted using transient 
response simulation in ATLAS. For illustration, Figure 4-5 shows the time dependent 
solution for the MOS-capacitor device discussed above. A piecewise-linear bias function is
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used as the voltage drive. The ramp time for the voltage steps is set to one tenth o f a pico­
second to simulate a near instantaneous transition to ensure that the calculated carrier 
response time is not affected by delays in the electrical drive. Here again, the parameter of 
interest is the carrier concentration. The data in Figure 4-5 is taken near the centre o f the 
device in the lateral direction, approximately 2 nm away from the gate oxide. From this data, 
the rise time and fall time, which are defined as the duration over which the induced charge 
density increases from 10 to 90% and decreases from 90 to 10% of its peak value, 
respectively, are calculated. The intrinsic device bandwidth Af'is then estimated using [71]
0 35
A / = —  (45)
T
where x is either the rise time or the fall time, whichever one is longer.
In addition to providing insight into the electrical characteristics o f the devices, the 
DC and transient results o f ATLAS are often used as input or guidance to re-design the 
optical waveguide for improved performance in an iterative process. For example, charge 
distribution profiles such as the one shown in Figure 4-4(b) are used as inputs to 
FIMMWAVE to understand and optimize modulation efficiency, transmission loss, and 
voltage-dependent loss. Furthermore, all fabrication processes have unavoidable process 
variations and tolerances. ATLAS, as well as FIMMWAVE, is also used to predict the range 
of possible device performances and understand measured results of fabricated devices.
4.03 Ansoft HFSS
As discussed previously, the intrinsic bandwidth of a plasma dispersion based 
modulator is governed by carrier dynamics, namely how fast charges can accumulate and 
deplete to induce the desired refractive index change. In practice, however, demonstrated 
modulator speed is always less than the intrinsic device bandwidth because it also critically
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depends on other limiting factors such as device parasitics, electrical signal loss, driver 
bandwidth, and packaging parasitics. To design a modulator for high speed performance, 
besides ensuring that the semiconductor structure itself has fast carrier dynamics, one must 
also carefully design it for low RC time limit and optimize its electrode configuration for low 
parasitics and low electrical signal loss along the length o f the device.
Ansoft High Frequency Structure Simulator (HFSS) is a full-wave electromagnetic 
field simulator that is used to understand how the electrical drive signal behaves or 
propagates in and along the modulator length. It employs the finite element method and 
adaptive meshing to model arbitrary 3D structures. It can be used to calculate scattering 
parameters (S-parameters) and fields.
S-parameters are of particular interest because they describe how the insertion of an 
electrical network (i.e. modulator) into a transmission line affects the properties of the 
travelling voltages and currents. This is equivalent to the wave encountering an impedance 
different from the line's characteristic impedance. S-parameters are simply reflection and 
transmission coefficients -  ratios of “voltage out” to “voltage in” in the most basic form. 
They can be used to describe a network with any number o f voltage input and output ports 
and were first formulated by Kurokawa [72] in terms of and 6», which are the complex 
voltage waves incident on and reflected from a given port », respectively. and b„ are 
defined in terms of the terminal voltage the terminal current and a reference impedance 
Zo as follows:
where Zo* is the complex conjugate of Zo.
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The optical modulator can be considered as a two-port network, which is represented 
schematically in Figure 4-6. It shows that if there is an incident wave at port 1 (o/), some of 
it is reflected {b i\ some o f it is absorbed by the network, and the rest exits port 2 (62). 
Likewise, if there is an incident wave at port 2 (a^), some of it is reflected (62), some is 
absorbed, and the rest exits port 1 (bi). In this case, the relationship between the incident 
wave, the reflected wave, and the S-parameter matrix is given by:
(48)'S uSn"
k.^H^22 j
which can be expanded into the following linear equations
bj S22(^ 2
(49)
(50)
Modulator Zl
Figure 4-6: A two-port network representation o f  the modulator showing the incident 
and reflected w aves used in S-parameter definition.
In the situation where port 2 is terminated in a load identical to the system impedance 
Zo, then 62 will be completed absorbed, making a: equal 0. Similarly, when a device is being 
driven as a lumped element, it is essentially a one port system so 02 also equals 0. For these 
situations. Equations 49 and 50 simplify to
S^y=—  (the input port reflection coefficient)
a,
(51)
S'j, = — (the forward transmission coefficient)
a
(5 2 )
Similarly, if port 1 is terminated in the system impedance making aj equal 0, then
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h5',2 = —  (the reverse transmission coefficient) (53)
a.
S22 = —  (the output port reflection coefficient) (54)
«2
Using the expressions for and bn from Equations 46 and 47, S-parameters from Equations 
51 through 54 can be express solely in terms o f impedances. For example,
^ „ = | ^  (55)
where Zy is the impedance at port 1. A simple rearrangement o f terms yields
Knowledge of the S-parameters therefore allows one to ascertain important information about 
the network including its impedance, which is a function o f resistance R and reactance X:
Z  = yjR^ +% " (57)
There are two types o f reactance: one related to inductance L {Xl=o)L) and the other related 
to capacitance C (Xc=l/o)C), where o) is the angular velocity of the alternating voltage and 
current. Total reactance is the difference between the two: X l- X c. In this manner, the
impedance o f a simple series LRC circuit, as shown in Figure 4-7, can be expressed as
Z  = R + j{o)L  ) (58)
R
Figure 4-7: Diagram of a simple LRC series circuit.
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In the situation where port 1 and port 2 o f a network are terminated in a load not 
matched to the system impedance, a model has been developed where the terminal voltages 
and currents are expressed in terms o f the propagation constant y  and characteristic 
impedance Z. y  and Z  have been shown to be related to the S-parameters as [73]
+ (59)
2<S2i
where / is the device length and
(61)
21
Once y  and Z  are calculated from the measured S-parameters, they can then be used to extract 
transmission line parameters -  resistance (/?), inductance (Z), conductance (G), and 
capacitance (Q  -  from the standard transmission line relationships:
y  = ^ (R  + J cdL)(G  + JcoC) (62)
Z =  + (63)
^ (G + ;w C )
then
R = Re{rZ} (64)
(65)
(0
G = R e | 4  (66)
C ^  Im fr/Z} (67)
CD
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The first step of HFSS simulation is to create the structure to be modelled, which is 
the entire active phase shifter in 3D. It is important to include in this 3D structure not only 
the semiconductor device itself (i.e. p-n diode or MOS capacitor) but also the surrounding 
materials and geometries such as the Si substrate, metal electrodes, and air because the RF 
mode can be relatively large. For illustration, Figure 4-8 shows a p-n diode based modulator 
created and modelled in HFSS. The p-n junction is near the centre of the rib, and the high 
concentration doping as well as the metal contacts are placed far away from the waveguide to 
minimize optical loss. Note that the electric field contour extends well into the Si substrate 
and surrounding oxide. Not fully defining the structure will lead to simulation error.
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Figure 4-8: An example p-n diode created and modelled in HFSS.
The next step is to define the model’s boundary conditions, which is by default 
perfect electric boundaries. The structure is therefore assumed to be completely encased in a 
conductive shield with no energy propagating through it. Users have the option of choosing 
other boundary conditions, such as radiation boundary to allow waves to radiate infinitely far 
into space or finite conductivity boundary to allow modelling of losses at the boundaries.
Note that radiation boundaries are used to model the RF characteristics of the phase shifters. 
To simulate the situation where a drive signal is applied, excitation ports are defined to 
specify the area where the signal enters and exits. The port solver then calculates the 
characteristic impedance, RF index, RF attenuation coefficient, and S-parameters. Some of 
these parameters are plotted in Figure 4-9 as a function of frequency for the p-n diode 
structure shown in Figure 4-8.
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Figure 4-9: The frequency-dependent a) characteristic impedance and b) S- 
parameters of the p-n diode shown in Figure 4-8. Note all data is calculated 
assuming 50 Ohm system impedance.
All of these parameters are of critical importance when designing the modulator for 
high speed performance. Device impedance must be carefully considered because if it is 
significantly different from that of the driver or package, mismatch will result in RF 
reflections that not only degrade signal integrity but also reduce the amplitude of the signal 
arriving at the modulator. If the modulator is to be driven as a lumped element that can be 
modelled as a circuit with resistors and capacitors, then the RC time constant will limit device 
speed (assuming carrier dynamics are inherently fast). As discussed before, S-parameters can 
be used to understand the associated R and C of the device. To reduce RC, besides
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improving device design, one can divide the modulator into multiple short segments and 
drive them individually. Depending on the total length of the modulator and the targeted data 
rate, this approach may require phase delay between the drive signals applied to the 
successive segments to ensure that the travelling optical wave always sees the same electrical 
signal.
An alternative approach for driving the modulator is to use a travelling-wave 
(transmission line) design where the electrical drive signal propagates along the RF electrode 
at the same or similar speed as the optical signal travelling down the optical waveguide. This 
approach removes the RC time limit of lumped devices, but it requires careful design of the 
electrode and optical waveguide. To achieve high bandwidth operation, phase velocities or 
propagation constants of the optical and electrical waves must be well matched, transmission 
line loss must be minimized, and device and termination impedances have to be considered in 
context o f the source impedance to minimize RF reflections that can degrade signal integrity. 
All o f these parameters strongly depend on the metal trace dimensions as well as Si doping 
concentration and profile.
The small-signal frequency response of a travelling-wave modulator can be expressed 
as a function o f the RF attenuation coefficient am, RF index Hm, and optical group index rig 
[74]:
sinh ^  ( ^ ^ )  + sin ^  (— )
M(w„ ) = exp(-or„i)[-------— ^------ --— 2_] (68)
where ,
# = (69)
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and (Dm is the modulation frequency, L  is the length o f the electrode, and Co is the speed o f 
light in vacuum. When designing and optimizing the travelling wave modulator, rig o f the 
optical waveguide is calculated using FIMMWAVE and am and rim are obtained using HFSS.
4.04 FLOOPS
FLOORS, which stands for Florida Object Oriented Process Simulator, is a 
semiconductor process simulation tool originally developed at the University o f Florida. The 
software version used here is a simple 1-D simulator, which has been modified and calibrated 
with data from Intel Corporation and other experimental results. It offers rapid simulation o f 
process flows, which are the series o f processing steps required to fabricate a device, and 
easy viewing o f the results. For this project, the primary goals of process simulation are to 
accurately predict the dopant distributions and to define process parameters such as implant 
dose and energy. Because design optimization is an iterative process, FLOOPS is run 
numerous times. Sometimes the results are used as inputs for device simulation, and other 
times they are used to understand whether and how closely the desired device structure, as 
defined by device and optical simulations, can be fabricated.
The version of FLOOPS used here has the ability to simulate most o f the basic 
processing steps such as ion implantation, difftision (thermal anneal), etch, and deposition. 
Its materials library also includes all the common materials found in standard CMOS 
processing such as Si, SiO], SisN4, boron, phosphorus, etc. As a result, representative, if  not 
completely precise, process flows can be easily created. Because the simulator used is 1-D, 
however, different flows must be created for different regions o f the device. In most cases, 
nonetheless, this requires only minor modifications. For instance, the process flow for 
creating the slab region o f a Si rib waveguide must have at least an extra Si etch step 
compared to the flow for creating the rib region. This difference may seem trivial but could
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be important because if there is an implantation step after the rib formation, the doping 
profile in the two regions could be very different due to the difference in material stacks.
Figure 4-10 is a screen capture of the FLOOPS user interface. It shows an example 
process flow with the process steps listed on the left. The diffusion step named “poly dopant 
anneal” is highlighted, and the details of this step are shown on the right. Note that one can 
specify key process parameters such as anneal temperature, time, pressure, and ambient. For 
a dopant implantation step, one can specify process details such as dopant species, implant 
energy, dose, tilt, etc. Also note that numerous proeess splits can be created so they are 
simulated and analyzed with a single simulation run. This is done by selecting the “Wafers” 
option, as shown near the top-left of Figure 4-10. A drop-down menu will appear where the 
user can set the number of wafers or splits.
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Figure 4-10: Screen capture o f  an example FLOOPS process flow.
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Once a process flow has been created and simulated, results from the splits can be 
plotted and compared using the post-processing features of the software. For this project, 
dopant profiles are of particular importance. For illustration. Figure 4-11 is a FLOOPS chart 
of the boron distributions for the three splits of the above process flow. As can be seen, 
FLOOPS simulations can be used to predict whether or how closely a desired structure can be 
created. It is also useful for designing a process flow and deciding on process targets, which 
are of course important first steps of any fabrication process.
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Figure 4-11: Example FLOOPS dopant profiles.
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CHAPTERS. 
PHASE SHIFTER DESIGN and FABRICATION
In Si, a change in free carrier density results in a change in the refractive index o f the material 
and the optical phase of light passing through it; therefore, the speed of a Si modulator based 
on this free carrier effect is determined by how fast the free carriers can be accumulated or 
removed. The forward biased p-i-n diode approach has been proven to provide high 
modulation efficiency (in turn compact device size [29,45]), but due to the slow carrier 
generation and recombination processes, the modulation speed is usually limited unless the 
carrier lifetime can be significantly reduced [29,56]. A reduction in carrier lifetime, however, 
has the negative effect o f reducing current injection efficiency and therefore phase 
modulation efficiency. This trade-off must be carefully considered for various applications. 
The goal o f this PhD project is to find new device designs that are not limited by the above 
slow carrier dynamics so high speed Si modulation in the GHz and even tens of GHz range 
can be demonstrated. Two basic device configurations, namely, the MOS capacitor and the 
reverse-biased p-n diode, are proposed and studied. Numerous variants of the basic designs 
are considered to optimize device performance.
5.01 MOS Capacitor Phase Shifters
The first type o f phase shifters studied involves a metal-oxide-semiconductor (MOS) 
capacitor embedded in an SOI waveguide. The device in its most basic form, as shown in 
Figure 5-1, is a structure with a thin dielectric layer sandwiched between two pieces of Si,
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one with p-type doping and the other with n-type doping. In accumulation, the n-type Si in 
the MOS capacitor phase shifter is grounded and a positive drive voltage, Vd, is applied to the 
p-type Si, causing a thin charge layer to accumulate on both sides of the gate dielectric. The 
voltage-induced charge density change Æ e  (for electrons) and Æ h  (for holes) are related to 
the drive voltage Vd by [75]
AiV„ =
e t„ J
(70)
where % and s,- are the vacuum permittivity and low-frequency relative permittivity o f the 
dielectric, e is the electron charge, tox is the gate thickness, t is the effective charge layer 
thickness, and Vfb is the flat band voltage o f the MOS capacitor.
Gate Dielectric p-type
n-type Si
oxide
Optical modeSilicon
Figure 5-1 : Schematic view  o f  the M OS-capacitor phase shifter.
Due to the free carrier plasma dispersion effect, the accumulated charges modify the 
optical properties of the Si as described by Equations 38-43 (pages 30-31). The change in 
refractive index results in a phase shift A(j) of the optical mode as given by Equation 44 (page 
31). Because charge transport in the MOS capacitor is governed by majority carriers, device 
bandwidth is not limited by the relatively slow carrier generation and recombination 
processes of forward-biased p-i-n diodes. The inherent speed of the MOS device only
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depends on the capacitance and resistance o f the structure. As a result, this type of capacitor- 
based design has the potential to demonstrated high bandwidths that were unprecedented in 
Si-based modulators.
The challenge is to physically fabricate such a device. The simplest implementation 
would involve a horizontal structure where a thin SiO] layer is grown on an SOI wafer; then a 
Si layer is grown on top o f that. The problem is that it is not easy to grow single crystalline 
Si on top o f the amorphous oxide. A process called epitaxial lateral overgrowth (ELO) is 
needed [76], but it requires significant process and materials optimization. The next best 
thing is to use polycrystalline Si (poly-Si), which can be easily deposited on oxide. The plan 
was therefore use poly-Si as a vehicle to investigate different device designs, gain device 
understanding, and prove device functionality. At the same time, ELO process optimization 
would proceed in parallel. The goal was to then combine the poly-Si device development 
with the ELO process development to demonstrate an optimized all single-crystalline Si MOS 
capacitor modulator.
5.1.1 Poly-silicon based MOS capacitor phase shifters
The primary drawback with using poly-Si is that it has significantly higher optical 
loss than single crystalline Si. While researchers have studied and improved the optical 
transmission of undoped poly-Si to 9 dB/cm [43], no detailed study has been published about 
the optical loss of doped poly-Si, which is the material needed for building an active device. 
In preparation for making this MOS capacitor phase shifter, a number of poly-Si experiments 
were conducted to quantify transmission loss as a function of doping concentration. The 
initial expectation was that doped poly-Si loss can be estimated simply as the sum of undoped 
poly-Si loss and loss due to free carrier absorption. Results from the experiments revealed 
that the problem is much more complicated.
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Figure 5-2: Loss of poly-Si, doped with boron or phosphorus, due to the addition of 
dopants.
Figure 5-2 shows the transmission loss of poly-Si, doped with either boron or 
phosphorus, as a funetion of both the physical concentration of dopants and the concentration 
of free carriers. The loss values shown here are losses in excess of an undoped poly-Si loss 
of ~10 dB/cm. Physical dopant concentration is determined using secondary ion mass 
spectrometry (SIMS) and carrier concentration is determined using spreading resistance 
profile analysis (SRP). Also shown in the figure for comparison is Soref and Lorenzo's 
estimate of loss due to free-carrier absorption [6].
A number of observations can be made from the data. 1) For any given sample, SRP 
concentration is order(s) of magnitude lower than SIMS concentration, indicating that dopant 
activation is very low - only a small percentage of incorporated dopants actually contribute 
active free carriers. 2) Dopant activation is noticeably higher for boron than phosphorus. 3) 
Dopant activation improves with increasing doping level. None of these results is 
particularly surprising because it is well known that poly-Si is a defective material with grain 
boundaries and intra-grain defects. These defect areas are populated with dangling bonds 
which can easily satisfy the five bonds of the n-type dopants or the three bonds of the p-type
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dopant. They in essence trap the dopants, preventing them from contributing to the 
conduction process [77]. Boron activation in poly-Si is higher than phosphorus activation 
because boron has a lower tendency to segregate to the grain boundaries. The third 
observation that dopant activation improves with increasing doping level is intuitive - with 
more dopants incorporated, more dangling bonds are satisfied, and as a result, the likelihood 
an additional dopant becomes active is higher.
The piece of data from Figure 5-2 that is rather surprising is that excess poly-Si loss 
as a function of carrier concentration does not match, or even come close, to the free-carrier 
absorption loss calculated by Soref and Lorenzo. Instead, it is poly-Si loss as a function of 
physical dopant concentration that agrees closely with their prediction. The current data does 
not give insight into the physical explanation o f this phenomenon; additional experiments are 
needed. Nonetheless, the data presented in Figure 5-2 gives enough understanding o f doped 
poly-Si loss to start implementing the MOS capacitor-based phase shifter designs.
Ten designs, with different waveguide geometries, gate positions, gate thicknesses, 
and device materials are evaluated. Figure 5-3 shows two cross-section schematics 
representative o f the nine designs using poly-Si; the tenth design is based on ELO-Si and will 
be discussed later. Each device comprises an n-type doped crystalline Si layer (the Si layer 
of the SOI wafer) and a p-type doped poly-Si layer with a thin horizontal gate oxide, SiO], 
sandwiched between them. A p-type dopant, boron, is selected for poly-Si because, as Figure 
5-2 shows, it has higher activation than phosphorus and therefore should have lower excess 
loss for a given carrier concentration. The primary difference between the two designs 
shown in Figure 5-3 is the placement of the p-contact. In Figure 5-3(a), the metal is 
deposited directly on top o f the waveguide rib. In Figure 5-3(b), the metal is deposited on a 
wide poly-Si layer (designated the poly-Si wing) that is on top of the oxide cladding on both 
sides o f the rib.
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Figure 5-3: Schematic diagrams showing the cross-sectional views of two 
representative MOS capacitor waveguide phase shifters in SOI: a) design with metal 
contact directly above waveguide rib, and b) design with metal contacts on poly-Si 
wing, away from the rib.
To fabricate the devices, SOI wafers with -0.375 jum thick buried oxide and 2.5 jam 
thick top Si are used as the start material. Figure 5-4 shows the process flow for making the 
device illustrated in Figure 5-3(b). The Si layer is first thinned to the desired thickness using 
thermal oxidation and SiO] removal. It is then implanted with the n-type dopant phosphorus. 
Directly on top, a low temperature oxide (LTO) layer is deposited at 450 °C, patterned, and 
etched. The SOI Si exposed by the LTO etch is then cleaned, and a carefully controlled
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thermal oxidation process is used to grow the gate oxide.
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Figure 5-4: Device fabrication flow for the MOS capacitor-based waveguide phase 
shifter using poly-Si as the p-type rib. Note that the n-contacts are not shown.
The poly-Si layer that makes up the top half of the MOS capacitor is formed by first 
depositing amorphous Si (a-Si) using low pressure chemical vapour deposition (LPCVD) at
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550°C; this amorphous film is then crystallized into poly-Si using a long 1100°C anneal. A 
detailed study was conducted to optimize this annealing proeess to minimize poly-Si grain 
boundaries, which can cause optical loss and limit electrical activation o f dopants. This same 
anneal also serves to redistribute the phosphorus dopants in the SOI Si so a uniform doping 
concentration is achieved. Chemical mechanical polish (CMP), a standard CMOS process 
technique for planarizing the top surface o f in-process wafers, is then used to planarize the 
poly-Si and to achieve the desired layer thickness. Boron is implanted into the poly-Si only 
in waveguide sections that are to be fabricated into phase shifters. The passive waveguide 
sections are not doped with boron to minimize optical loss. A 15-minute anneal at 1100 °C is 
then used to evenly distribute the boron and to repair material damaged during implantation.
The implantation doses for the n- and p-regions are chosen so the activated doping 
concentrations are 2x10^  ^ cm'^ for phosphorus and 5x10*  ^ cm'^ for boron. According to 
ATLAS simulation, these doping levels should yield ~3 GHz modulation bandwidth for 
devices with ~2.5 |im x 2.5 jum cross-section. Higher doping will lead to higher bandwidth, 
but the trade-off is higher transmission loss. As Figure 5-2 shows, 5x10*  ^ cm'^ o f activated 
boron concentration in poly-Si already results in a loss o f 50 dB/cm; it is a big contributor to 
the overall optical loss o f the phase shifters. To electrically contact the p and n regions, the 
poly-Si ‘wing’ and Si slab regions on both sides o f the rib are heavily implanted with boron 
and phosphorus, respectively. Surface doping concentrations o f > lx  10^  ^ cm'^ are used to 
ensure Ohmic contact with the metal, which is subsequently deposited and patterned.
Table 5-1 summarizes and compares the relevant physical parameters o f the nine 
phase shifter designs. Design A has the largest waveguide geometry with a rib width o f 3.2 
jam. It is also the only device whose rib height does not equal the poly-Si thickness. Designs 
B to B have 2.5 p,m wide ribs and varying Si slab (SOI Si) thicknesses. Designs F to G1 have 
the narrowest rib o f 1.65 p,m. In addition to having varying Si slab thicknesses, they also
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have different gate oxide thicknesses. The dimensions given in the table are obtained from 
cross-sectional scanning electron microscope (SEM) images of fabricated devices. Because 
the sidewalls of the waveguide ribs are not perfectly vertical, rib widths are measured at the 
mid-point o f the ribs, as shown in Figure 5-5.
Device
design
Rib
width
(|um)
Rib
height
(pm)
Poly-Si
thickness
(pm)
Si
thickness
(pm)
Gate oxide
thickness
(nm)
Poly-Si
wing
A 3.2 0.6 0.2 2.3 12 No
B 2.5 0.8 0.8 2.0 12 No
C 2.5 0.9 0.9 1.6 12 Yes
D 2.5 0.8 0.8 1.4 12 No
E 2.5 0.9 0.9 1.4 12 Yes
F 1.65 0.9 0.9 1.2 12 Yes
FI 1.65 0.9 0.9 1.2 6 Yes
G 1.65 0.9 0.9 0.9 12 Yes
G1 1.65 0.9 0.9 0.9 6 Yes
Table 5-1 : Physical parameters of the nine phase shifter designs. Refer to Figure 5-3 
for schematics of device cross-sections.
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Figure 5-5: Cross-section SEM image of a Design E phase shifter (see Table 5-1).
As illustrated in Table 5-1, thicknesses of the Si, poly-Si, and gate oxide layers are all 
varied. By design, the position of the horizontal gate oxide in the waveguide is changed by
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changing the Si and poly-Si layer thicknesses. The waveguide rib width is varied from 1.65 
to 3.2 pm, and the rib height is varied from 0.6 to 0.9 pm. These design splits are chosen to 
experimentally validate simulation results and to identify a manufacturable device with good 
performance. For all designs, aluminium pads are deposited on top o f the Si slab layer, 8 pm 
away from the waveguide rib on both sides, to contact the n-type Si. To contact the p-type 
poly-Si, aluminium pads are deposited directly on top o f the rib for designs A, B, and D, as 
shown in Figure 5-3(a). All other device designs have a 0.2 pm thick, 10.5 pm wide poly-Si 
wing; here aluminium contacts, along with the high concentration doping, are placed on top 
of this poly-Si wing, away from the rib, as shown in Figure 5-3(b). Placing the contacts away 
from the rib reduces optical absorption loss due to the high concentration doping as well as 
the metal. The oxide regions on either side of the rib maintain horizontal optical confinement 
and prevent the optical field from penetrating into the metal contact areas. Vertical optical 
confinement is provided by the buried oxide and an oxide cap (not shown).
5.1.2 Epitaxial-silicon based MOS capacitor phase shifters
The next step in the development o f the MOS capacitor modulator is to replace the 
poly-Si rib with single-crystalline Si, which has much lower transmission loss and near 
perfect dopant activation. The goal here is to grow single-crystalline Si on top o f the gate 
dielectric SiO], which is an amorphous material. In standard epitaxial processes. Si grown on 
top of any material other than crystalline Si (or SiGe with very high concentrations o f Si) is 
either amorphous or poly-crystalline. To achieve single-crystalline Si on top o f an 
amorphous layer, one needs to perfect a selective epitaxial growth process called epitaxial- 
lateral-overgrowth (ELO) [76].
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Figure 5-6: Schematic showing that during the ELO-Si growth process, crystal 
nucléation only occurs where there is a Si seed. Given enough time, the crystalline Si 
will grow onto the oxide next to the seed.
In this process, as Figure 5-6 shows. Si growth initiates only where there is a 
crystalline Si template, a seed. As the epitaxial process continues, this crystalline Si grows in 
both the vertical and horizontal directions. It will take the shape of an expanding, faceted 
semi-sphere if the seed is symmetric. While Si growth will not initiate on a surface such as 
SiO], the epitaxial Si originating from a seed, given enough time, will grow beyond the 
opening of the seed onto the SiO]. In this manner, if the seed is placed correctly, the ELO 
process can be used to create the crystalline Si needed to demonstrate improved optical 
modulation performance.
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Figure 5-7: Schematic diagram showing the cross-sectional view of the ELO-Si MOS 
capacitor waveguide phase shifter. This device has single crystalline Si rib and a 
two-piece poly-Si wing. Note that the n-contacts are not shown.
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The ELO-Si device studied, as shown schematically in Figure 5-7, maintains the same 
basic design as the one depicted in Figure 5-3(b). The primary differences are that the 
waveguide rib is now made o f single-crystalline Si and the poly-Si wing for nietal contact is 
now a two-piece design. It is possible to also replace the poly-Si in the wing with ELO-Si, 
but this requires a second ELO growth and adds additional process complexity. Using the 
two-piece wing design where the SiO] region in between the wings pushes the optical mode 
downwards, poly-Si can be used without all o f the associated excess loss. This ELO-Si phase 
shifter has a rib width o f 1.6 pm and comprises a 1.0 pm thick n-type doped crystalline Si 
(the Si layer of the SOI wafer) on the bottom and a 0.55 pm thick p-type doped ELO-Si on 
the top. Sandwiched between the two layers is a 10.5 nm gate dielectric made up o f a multi­
layer stack o f SiO] and silicon nitride (SisN4). The waveguide dimensions and geometry o f 
this ELO-Si device are chosen based on the poly-Si device work discussed previously. While 
this phase shifter is quite similar to Design G, making the material change from poly-Si to 
ELO-Si required several modifications to the process flow and added more stringent 
requirements on process tolerance.
Figure 5-8 shows the process flow for making this ELO-Si based phase shifter. 
Device processing again starts with SOI wafers with -0.375 pm thick buried oxide. The top 
Si layer, which has an n-type carrier concentration o f 3x10^^ cm" ,^ is thinned to 1 pm using 
thermal oxidation and SiO] removal. Phosphorus is implanted into the Si to create the n-type 
region o f the high speed phase shifter; the targeted dopant concentration is 2x10^  ^ cm'^. A 
low temperature oxide (LTO) layer is then deposited, patterned, and etched. Starting at this 
point, the process flow is modified compared to that for the poly-Si device to allow for ELO- 
Si integration.
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Figure 5-8: Device fabrication flow for the MOS capacitor-based waveguide phase 
shifter using ELO-Si as the p-type rib. Note that the n-contacts are not shown.
First, the thin SiO] layer used as the gate for the poly-Si based devices can no longer 
be used by itself because it is chemically attacked by the gases used during the epitaxial Si 
growth. Its loss of structural integrity not only allows for Si growth in unwanted areas but 
also results in gate failure during device operation. As a result, a thin SisN4 layer is added to
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the SiO] gate to minimize the unwanted gate etching during epitaxial growth. This SiO] and 
SisN4 multi-layer gate is then patterned and etched to create the seed openings needed for 
ELO. A single 2.4 pm wide seed is placed off-centre in the wide oxide trench created by the 
LTO etch; it is 5 pm from one edge o f the trench and 2 pm from the other edge. Immediately 
before epitaxial growth, an HF etch is used to remove native oxide from the seed opening. Si 
is then grown using a gaseous combination o f dichlorosilane and hydrogen chloride in 
hydrogen. Diborane is also used to in-situ dope the epitaxial Si; the intended dopant 
concentration is 1x10^  ^cm'^.
Because the grown Si must fill the entire oxide trench, it is grown to a thickness o f 8 
pm. This growth results in large topography on the wafer, which is then planarized using 
CMP. This polishing step is critical and must be carefully controlled because it determines 
the overall waveguide height. Due to the large topography, achieving thickness uniformity 
across the wafer is challenging. Boron is subsequently implanted into the polished ELO-Si in 
waveguide sections that are to be fabricated into high speed phase shifters. The targeted p- 
type concentration is 1x10^  ^ cm" .^ Note that both the n-type and p-type concentration targets 
for the phase shifter here are significantly higher than those for the poly-Si based devices. 
This change is made to enable higher speed performance.
The Si is then etched to form the waveguide rib. This is another critical process step 
because an over-etch can result in a multi-mode device while an under-etch can leave p-type 
epitaxial Si in the slab, in direct contact with the underlying n-type Si at the seed openings. 
Having these two Si regions in contact will o f course cause a short circuit and a non­
functioning device. After the ELO-Si etch, another LTO deposition is used to fill the areas 
around the newly created waveguide rib. It is followed by an oxide CMP that stops in the 
LTO, greater than 0.2 pm above the Si rib. This oxide is then patterned and etched near the 
top comers o f the rib to create two shallow, ~3 pm wide trenches, which are subsequently
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filled with a-Si and then polished (see Figure 5-8(f) and (g)). An anneal at 1100 °C 
crystallizes the film to form a two-piece poly-Si wing. This thermal step also serves to 
evenly distribute the implanted dopants. Each poly-Si wing section has a 0.3 pm overlap 
with the ELO-Si rib to ensure electrical connectivity. The backend process of creating the 
metal contacts is the same as that used for the poly-Si based devices. A cross-sectional SEM 
image of a fabricated ELO-Si phase shifter is shown in Figure 5-9.
Note that with this process flow, the entire MZl modulator, even the input and output 
waveguide sections, have doped SOl-Si and ELO-Si. The RF phase shifters have additional 
doping to lower material resistance for high speed performance.
A c o n t a c t
Poly-SI II con
ELO Sio x id e
g a t e  d ie le c tr ic
B o tto m  o x id e
Figure 5-9: SEM cross-section of an ELO-Si phase shifter.
5.02 p-n Diode Phase Shifters
The second type of phase shifter studied uses a p-n diode as the high speed active 
element. Like the MOS capacitor devices, it is also based on the free carrier plasma 
dispersion effeet. For this implementation of the modulator, carrier density change is 
obtained by operating the diode in reverse bias and hence in carrier depletion mode. Carrier 
depletion is chosen instead of carrier injection (as in forward bias) because it is an inherently 
faster process not limited by the generally slow carrier dynamics. Modulator speed is instead
determined by device capacitance, material resistances, and metal contact parasitics, much 
like the frequency dependence o f the MOS capacitor based device. One difference is that the 
dielectric layer between the two doped regions in the MOS capacitor is now replaced by the 
depletion width o f the p-n junction as the primary source o f capacitance. Since the depletion 
width is many times bigger than the gate thickness, it can lead to a significant reduction in 
capacitance and hence further improvement in device bandwidth.
When the applied reverse bias voltage V  across the diode is changed, the junction 
depletion width (W d)  changes according to the following equation [78]:
Wd — Xp + —
2sMv.+V)T\(Nr.T fAT.V-
e { N ,+ N ^ )
D + (71)
where Xp is the depletion width in the p-type Si and x„ is the depletion width in the n-type Si. 
Here, £r is the low-ffequency relative permittivity o f Si, %  is the acceptor concentration, Nd 
is the donor concentration, and Vsi is the built-in voltage. When an asymmetrically doped p-n 
diode is used where the n-doping concentration is much higher than the p-doping 
concentration. Equation 71 can be approximated as
(72)
This equation shows that practically all o f the potential drop and charge depletion is inside 
the p-region. Changing the depletion width o f a p-n junction is equivalent to changing the 
free carrier density and hence the refractive index Again, using Equation 44 (page 31), 
the resulting optical phase shift can be calculated.
Figure 5-10 shows a schematic cross-section view o f the p-n diode phase shifter. It is 
a rib waveguide with p-type doped Si on the bottom and n-type doped Si on top. It also has a 
0.1 pm thick and -2 .7  pm wide n-type doped Si cap layer (the Si wing), which is a part o f the
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n-region and is used for electrical contact formation. Because the diode does not need a gate 
dielectric, it is easier to fabricate compared to the MOS-capacitor device. There is no need 
for poly-Si deposition or ELO-Si growth for the main device. There is also no large 
topography on the wafer needing critical CMP steps to planarize and control the waveguide 
height. As a result, much smaller device geometry can be fabricated with good control; this 
is beneficial from a device efficiency stand-point because reducing the size of the optical 
mode should lead to improved mode-charge overlap.
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Figure 5-10: Schematic diagram showing the cross-sectional view of the p-n diode 
waveguide phase shifter. Note that this device has an asymmetric one-piece wing 
design.
The waveguide width o f the p-n diode devices is chosen to be 0.6 pm. There are two 
primary reasons for deciding on this width. First, it is close to the resolution limit of the 
available lithography process. Second, it is large enough that scattering loss due to sidewall 
roughness is believed to not be excessive. A waveguide height o f 0.5 pm is chosen. There 
are also several considerations for this decision: 1) the p-n diode devices are targeted for tens 
of Gb/s performance, so the slab thickness has to be relatively thick to keep resistance low 
without needing high doping concentrations, (2) the rib height and slab height have to be 
relatively similar to achieve single-mode propagation and good lateral optical confinement, 
which is important because the free-carrier density change is concentrated near the rib region,
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and 3) a 0.1 pm thick wing is placed on top o f the rib to form the top contact, so the 
waveguide height has to be much thicker to prevent the mode from penetrating laterally into 
this wing region, where the high concentration doping is located.
The waveguide dimensions chosen here are much smaller than those used for the 
MOS capacitor phase shifters. These small dimensions would have benefited the MOS 
capacitor devices as well, but they could not be implemented because o f the processing 
challenges associated with the gate dielectric and ELO-Si processes. Note also that the wing 
design for the p-n diode devices is one-sided or asymmetric, as opposed to the symmetric 
design for the MOS-capacitor devices. This change is implemented to reduce capacitance 
associated with the wing-oxide-slab material stack, which is now a much larger fraction of 
the total device capacitance. There are two reasons for this -  the capacitance o f the reverse- 
biased p-n diode is much smaller than that o f the MOS capacitor because the depletion width 
is much larger than the gate thickness; also, the capacitance due to the wing is bigger because 
the oxide between the Si wing and slab is now significantly thinner.
The p-doping concentration is targeted to be -1.5x10^^ cm'^. The n-doping 
concentration varies from -3x10^^ cm'^ near the top of the cap layer to -1.5x10*^ cm'^ at the 
p-n junction; this doping profile is controlled by both the implantation and annealing 
processes and is designed to be approximately 0.4 pm above the buried oxide. Because the 
depletion width is smaller than the waveguide height for reasonable operating voltages, the 
phase modulation efficiency strongly depends on the p-n junction location relative to the 
guided mode centre. The dopant distribution described above is chosen to enable high speed 
operation as well as to optimize phase modulation efficiency by ensuring that the depletion o f 
holes under reverse bias effectively overlaps the optical mode centre. Hole depletion is 
preferred over electron depletion because ANh results in a larger refractive index change than 
Æ e, as indicated by Equations 40 and 42 (page 31). To ensure Ohmic contact between Si
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and metal, two slab regions ~1 pm away from both edges of the rib and part of the Si wing 
-0.3 pm away from the rib edge are implanted with -1x10^^ cm'^ of p- and n-type dopants, 
respectively.
Because the reverse biased p-n diode has fast intrinsic response due to the ultra-fast 
transverse movement of the carriers, its modulation speed is governed by the RC time 
constant and metal contact parasitics. To minimize this RC dependence [79,80], a travelling 
wave electrode based on coplanar waveguide structure, as shown in Figure 5-11, is used. The 
“signal” metal layer is ~6 pm wide and is connected to the n-type Si through a 1 pm contact. 
The separation between the signal and ground metal layers is ~3 pm and the metal thickness 
is -1.5 pm. The RF travelling wave coplanar waveguide and modulator optical waveguide 
are carefully designed so that both electrical and optical signals co-propagate along the length 
of the phase shifter with similar speeds, while, at the same time, the RF attenuation is kept as 
small as possible. The RF signal is coupled to the travelling wave electrode from the optical 
input side and termination load is added to the output to minimize RF reflections.
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Figure 5-11: Schematic of the p-n diode phase shifter with the travelling wave 
electrode used for high speed operation. RF signal is coupled to the electrode from 
the optical input side and termination load is added to the output.
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To realize high speed performance, it is critical to optimize the termination impedance 
of the travelling wave electrode to minimize RF reflections that can degrade signal integrity. 
Two techniques are used to terminate the modulators. In the first approach, the modulator 
chip is flip-chip bonded to a printed circuit board (PCB) with low loss RF connectors. Figure 
5-12 shows both a top-down schematic and a photograph of the PCB together with the 
bonded modulator. The PCB is designed for high speed performance by using low loss 
materials and optimizing the metal trace dimensions and signal-to-ground metal separation. 
The PCB material has a dielectric constant of 2.2 and dissipation factor o f 0.0009 at 10 GHz, 
the copper signal trace is 36.6 pm thick and 305 pm wide, and the separation between signal 
and ground metal is 127 pm. This design has 50 Ohm impedance, and its RF loss is 
measured to be -0.3 dB/cm at 40 GHz.
PCB trace
termination resistors 
attached to PCB trace
is cut
connector
t   RF input
t t
I
Figure 5-12: Schematic diagram showing the modulator flip-chip bonded to the PCB 
and the termination resistors bonded to the PCB traces. A photograph of an actual 
PCB is also given.
As the schematic diagram in Figure 5-12 shows, surface mount resistors, serving as 
device terminations, are then bonded to PCB traces to which the output ends of the travelling
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wave electrodes have been electrically connected. To obtain the desired termination 
resistance, the PCB traces are in some eases terminated with the 50 Q connector so the 
surface mount resistors are in parallel with the connector. In other cases, the PCB traces are 
cut so the mounted resistors solely determine termination resistance. Note that the 
photograph of the PCB in Figure 5-12 is taken before the termination resistors are bonded to 
the board. In a second approach, titanium nitride (TiN) resistors are monolithically integrated 
with the Si modulator. Figure 5-13(a) shows a top-down microscope image of the TiN 
resistor connected to the output end of the travelling wave electrode. Figure 5-13(b) is a 
cross-sectional schematic showing that the TiN resistor is electrically connected to the signal 
and ground electrodes via a top aluminium layer.
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Figure 5-13: a) Top-down optical microscope image and b) cross sectional 
schematic of the TiN resistor that is monolithically integrated with the p-n diode 
modulator.
To fabricate the p-n diode devices, SOI wafers with > 1 pm thick buried oxide and 1 
pm thick top Si are used as the start material. Figure 5-14 shows the process flow. The Si 
layer is first thinned to 0.5 pm using thermal oxidation and SiO] removal. It is then 
implanted with boron to form the p-type region of the diode. A Si etch then creates the 0.22 
pm deep and 0.6 pm wide waveguide rib. For some of the wafers, a short thermal oxidation
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is used as an oxide smoothing step to reduce rib sidewall roughness [81], which can dominate 
passive waveguide transmission loss o f the sub-micrometer devices used here. An oxide 
deposition and CMP then follows to planarize the wafer. The CMP stops -0.2 pm above the 
waveguide rib. An oxide etch then opens a 2.7 pm wide trench in the oxide, asymmetrically 
positioned above the rib -  0.3 pm from one rib edge and 1.8 pm from the other edge, for Si 
wing formation.
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Figure 5-14: Device fabrication flow for the p-n diode-based waveguide phase 
shifter with asymmetric Si wing.
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Si is then grown using a non-selective epitaxial process, which fills the trench with 
single crystalline Si directly above the rib and poly-Si above the oxide around the rib. To 
improve the material quality of the poly-Si, the wafers are annealed at 1100 °C for one hour. 
This same anneal also serves to uniformly distribute the boron dopants that were implanted 
previously. A Si CMP then planarizes the wafer and ensures that the Si wing is 0.1 pm thick. 
Phosphorus is then implanted into the wing and rib to form the n-type region of the diode. To 
electrically contact the p and n regions, part of the poly-Si wing and Si slab regions on both 
sides of the rib are heavily implanted with phosphorus and boron, respectively, to reach 
surface doping concentrations of ~ lx  10^ ® cm'^ for Ohmic contact with the metal. A rapid 
thermal anneal (RTA) is used to repair some of the implantation damage and to 
simultaneously activate the n, n ^ , and p ^  dopants. Aluminium is then deposited and 
patterned to create the travelling wave electrodes. A cross-sectional SEM image of a 
fabricated p-n diode phase shifter is shown in Figure 5-15.
AI contact to Si wing
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Figure 5-15: SEM cross-section of p-n diode phase shifter.
To integrate the termination resistors on-chip, the wafers are again planarized using 
oxide deposition and CMP. A 0.1 pm thick TiN layer, with 2.3 Q- pm resistivity, is
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deposited. It is then patterned into rectangles with various sizes to target different resistance 
values. To make electrical contact between the travelling wave electrodes and the TiN 
resistors, another aluminium film is deposited and patterned as an interconnecting layer, as 
shown in Figure 5-13(b).
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CHAPTER 6. 
EXPERIMENTAL METHODS
To facilitate characterization of the different aspects of modulator performance, various test 
structure are included in each testchip in addition to the fully active MZI modulators. These 
structures are designed so material properties such as dopant profile and activation, passive 
device performance such as optical loss and MZI ER, and active device performance such as 
modulation efficiency and device bandwidth can all be individually determined to allow in- 
depth understanding o f the overall device. In this chapter, these test structures and the 
measurement techniques used to characterize them are described in detail.
6.01 Material Characterization
Dopant profile and activation are important material design parameters that critically 
influence optical loss, phase modulation efficiency, and device bandwidth. They are 
characterized using analytical techniques such as secondary ion mass spectrometry (SIMS) 
and spreading resistance profile (SRP) analysis. SIMS provides elemental depth profile and 
works by directing a beam of energetic primary particles at the sample to cause high-yield 
ionization and emission of atomic species near the surface. These secondary ions are then 
collected and analyzed using a mass spectrometer. Quantification of concentration is done 
using calibration standards. Continual bombardment with the primary beam erodes the 
sample surface, so it allows for the monitoring of composition change with material depth.
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SIMS can detect very low concentrations o f dopants and impurities; its detection sensitivity 
limit for phosphorus and boron in Si is 1x10^^ - 1x10^^ cm'^.
In defective materials like poly-Si, not all o f the incorporated dopants are electrically 
active. While SIMS can provide depth profile o f boron and phosphorus in poly-Si, another 
technique is needed to understand the concentration profile o f active carriers. SRP is used for 
this purpose [82]. It is an electrical measurement where two probes are landed on the sample 
no more than 20 pm apart. A voltage is applied across the probes and the resistance, R, is 
measured. For large contact areas, there is linear current flow between the probes, and R is 
related to bulk resistivity, p, according to the following equation
R = ^  (73)
A
where L is the distance between the probe contacts and A is the contact area. When the probe 
contact area is very small, R is the “spreading resistance” due to the high current density at 
the tiny contacts, and L is no longer a consideration. R approaches
^  = - ^ [ l n - ]  (74)
tn  a
where t is the sample thickness, S  is the separation between the probe contacts, and a is the 
radius of the contact area. For SRP measurements, the probe contacts are made small enough 
so Equation 74 is true, and a can be accurately determined by measuring known standards o f 
resistivity. In this manner, resistivity p  can be easily obtained from R. To convert p  into the 
desired carrier concentration, A, the following relationship is used.
where q is the electron charge o f 6.021892 x lO'^ coulomb and p  is the carrier mobility. For 
high quality, single crystalline Si, the carrier mobility is well known, so its carrier 
concentration can be accurately determined. For poly-Si samples, however, mobility is not
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well-behaved. Their carrier concentrations determined using this method, therefore, has 
significant error.
Electron and hole mobilities are different, to ensure that the correct value is used in 
Equation 75, the majority carrier type needs to be determined. To do so, one of the probes 
for SRP measurement is heated and the open circuit voltage is measured. Charges near the 
heated probe will diffuse further than charges near the cold probe, so there will be a net build­
up of charges near the latter. This charge build-up will produce a repulsive electrostatic force 
or potential to push the charges back to the hot probe. If the free carriers are positively 
charged, as in a p-type material, they will build up near the cold probe which will have a 
positive potential. Likewise, if  the charges are negative, as in an n-type material, they will 
produce a negative potential at the cold probe. This electric potential produced by the 
temperature difference is known as the Seebeck effect and its polarity reveals the material’s 
carrier type. By bevelling the sample surface, SRP allows for depth profiling of the carrier 
concentration by making multiple measurements along the bevel. Note that samples are 
bevelled immediately before measurement to avoid growth of native oxide which can affect 
the measurement results.
Both SIMS and SRP require large sample areas for analysis. This is particularly true 
for SRP because of the need to create the sample bevel; the recommended minimum size for 
each analysis area is 50 x 500 p,m. As a result, neither SIMS nor SRP can be performed on 
actual devices, which are only on the order of 0.6-3 jam wide. For this reason, all testchips 
have areas dedicated for material analysis. These are simply rectangular metrology pads with 
dopants of interest. The need to have large test areas that can replicate the material stack and 
dopant profile of device areas is problematic from a processing standpoint. This is because 
the CMP steps used throughout the fabrication processes have different polish rates for
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different size areas; as a result, SIMS and SRP data are sometimes not fully representative of 
the dopant and carrier profiles of actual devices.
6.02 Passive Device Performance
Passive performance encompasses the set o f device characteristics that are 
independent of device operation. They are measured when the device is in the “o ff’ state and 
should not change when a voltage is applied. They include coupling loss, passive waveguide 
loss, phase shifter loss, and MZI loss and extinction ratio (ER).
6.2.1 Coupling loss and passive waveguide loss
Optical coupling loss and passive waveguide loss are determined simultaneously 
using the cutback method [11], which involves measuring the optical transmission o f 
waveguides o f varying lengths. The attenuation coefficient a  are calculated using
« = ^  = (76)
length A - 4  A .0 / A ,
where Li and L2 are waveguide lengths, P ij and P2J are the corresponding input optical 
powers, and P],o and P2,o are the corresponding output optical powers.
When multiple waveguide lengths are tested, the output to input power ratios in dB 
can be plotted as a function o f the corresponding lengths for quick determination o f the 
losses. The data points should fit a straight line, whose slope is the waveguide transmission 
loss in dB/length and the y-intercept is the total coupling loss. For illustration, a sample data 
set is given in Figure 6-1(a). S-bend waveguides of varying lengths, as shown schematically 
in Figure 6-1(b), are used as the test structures. Multiple copies o f these devices are included 
in the testchips to facilitate a large data set to improve data accuracy. To efficiently couple
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light into and out of the waveguides, their facets are mechanically polished to yield smooth 
surfaces. Because the reflectivity of the air-to-Si interface is -0.3 for À,=1.55 pm, the 
waveguides with polished facets act as Fabry-Perot (FP) cavities. The result is large 
fluctuations in the measured waveguide output power which can lead to measurement error. 
To reduce the resonant effect, the waveguide facets are coated with anti-re fleet! ve layers so 
reflectivity is at most 0.5%. To further minimize optical power fluctuations due to FP 
resonances, a polarized broadband source such as a superluminescent light emitting diode 
(SLED) is used as the optical input for measurement.
-16
I  -18
o y = - 1 . 1 8 1 x - 1 7 . 8 9 9  
= 0 .9 9 9?
Io -20
-22
WG length (cm)
)
(a) (b)
Figure 6-1 : (a) Cut-back data measured from waveguides with four different lengths. 
Transmission loss is 1.18 dB/cm and total coupling loss is 17.9 dB. (b) Schematic 
diagram of S-bend waveguides used for cutback measurements.
Figure 6-2 is a schematic diagram of the optical test setup used to measure both the 
input and output powers of the waveguides. First, light from a -1550 nm SLED is coupled 
into a fibre-based polarisation controller, which is adjusted during measurement to obtain the 
desired polarisation. Light is then connected to a 90-10 power splitter. 10% of the light is 
measured using a photodetector to determine the input optieal power and to monitor for 
source fluctuations. The remaining 90% of the light is connected to a lensed single-mode
1 0 2
fibre with a spot size of ~3.3 pm and then butt-coupled into the waveguide under test. 
Optimal alignment is achieved by adjusting the piezoelectric controlled 3-axis stage to which 
the lensed fibre is secured. The transmitted waveguide output is either qualitatively 
examined using an IR camera or collected using another lensed fibre and quantitatively 
measured to determine the power level.
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Figure 6-2: Schematic of the optical test setup for cutback measurement.
While cutback measurements can yield accurate data for coupling and transmission 
loss, they require on-chip structures with bends that can be relatively large. For testchips 
where available space is limited, straight waveguides are used for loss measurement using the 
FP resonance method [11]. Here, the FP resonances of end-polished waveguides are actually 
used as the basis for loss determination. For a FP cavity, the intensity of the transmitted light 
It relative to the intensity of the incident light lo is given by
^  r i - ( \ - R f  ■ exp(-rz • L)_____________
4  (1 -  i? • exp(-cr • L)Ÿ +4- R-  exp(-«  • L) ■ sin^(A^ / 2)
where is the coupling loss, R is the facet reflectivity, L is the cavity or waveguide length, a  
is the loss coefficient with a unit of cm '\ and Acf) is the phase difference between successive 
reflections. Maximum intensity occurs when A(j) is zero or multiples of 2n, and minimum 
intensity occurs when A(]) is n. A measurement of the ratio of maximum intensity {Imax) to
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minimum intensity (/mm), ^  Imax/Imin, allows one to calculate the waveguide loss in units of 
dB/cm according to the following relationship
To determine fibre-to-waveguide coupling loss, Equation 77 can be first simplified for the 
condition for maximum output power Imax as follows
7-(l--g)"-exp(-Qr£)
/„ (1-J( exp(-aZ)^
Then a simple rearrangement of the terms gives the following equation for calculating the 
coupling loss
/ ,  (I -JR):. exi)(-(%[)
Note that the accuracy o f a  and rj critically depends on R, which is sometimes 
difficult to correctly determine, especially for waveguides with small cross-sectional area 
because reflectivity is influenced by the presence of the waveguide oxide cladding. To 
measure loss using the FP resonance method, the optical test setup used is similar to the one 
illustrated in Figure 6-2. One difference is that a tunable laser is used as the optical source to 
use wavelength tuning to induce the needed A^. The other difference is that the waveguide 
output power is monitored as a function of wavelength to capture the FP transfer function so 
^  can be measured to determine a  using Equation 78.
6.2.2 Phase shifter loss
Another important contributor to overall device loss is the optical transmission loss of 
the phase shifters. This loss is dominated by absorption associated with dopants that are 
added to the waveguides to induce the desired plasma dispersion effect. The optical test
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setup used for determining phase shifter loss is the same as the one illustrated in Figure 6-2 
for characterizing passive waveguide loss. Similar to that measurement, phase shifter loss is 
determined using on-chip cutback structures, which are now simply straight waveguides with 
varying lengths of phase segments, as shown in Figure 6-3.
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Figure 6-3: Top-down schematic of cutback structures used to determine phase 
shifter loss.
Since these waveguides all have the same coupling and passive waveguide loss, a plot 
of waveguide output power in dB as a function of phase shifter length should fit a straight 
line, whose slope is the excess transmission loss of the phase shifters in dB/length. As 
discussed in Section 2.04 (page 23), the figure of merit is actually dB/L i^, which is optical loss 
per device length required for Ti-radian phase shift. It is a simple conversion from dB/length 
to dB/L^ once the phase modulation efficiency of the device is known. The methodology for 
determining phase efficiency will be discussed in Section 6.3.1 (page 107).
6.2.3 Mach-Zehnder interferometer performance
The MZI is the key passive component of the modulator that converts optical phase 
modulation into intensity modulation. As such, its transfer function determines the maximum 
modulator ER that is achievable. As discussed in Section 2.02 (page 18), the MZI is 
essentially made up of two back-to-back 3-dB splitters/couplers, connected by waveguides 
called the MZI arms. In addition to the coupling loss, passive waveguide loss, and phase 
shifter loss that have already been discussed, MZI coupler loss is another key contributor to
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the overall modulator loss. As a result, it is critical to understand the passive MZI 
performance in terms of both ER and transmission loss.
Figure 6-4 is a top-down schematic of the MZIs used for passive measurement. It has 
an asymmetrie design in that the two arms have different lengths. The inclusion of this AL 
allows one to use wavelength tuning to induce phase change between light in the two arms. 
This phase change in turn leads to the expected sinusoidal transfer function of the MZI. In 
this manner, MZI eharacteristics such as ER and loss can be measured passively, independent 
of the phase shifters. The 3-dB couplers shown in Figure 6-4 are for illustration purposes 
only. For the MOS capacitor phase shifters, which have relatively large waveguide 
dimensions, a three-piece directional coupler design, as depicted schematically in Figure
2-9(b) on page 21, is used to form the MZIs. The coupler length is -750 pm, waveguide 
separation is -1 pm, and the waveguides taper down to 0.5 pm. For p-n diode-based phase 
shifters, whose waveguide cross-section is much smaller at 0.6 pm x 0.5 pm, the directional 
coupler design requires taper tip size on the order of 0.1-0.2 pm for low loss operation. Such 
small dimension is not manufactureable using the available process; as a result, MMI based
3-dB couplers are used. Here the coupler length is -55 pm and coupler width is -7  pm.
3-dB 3-dB
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Figure 6-4: Top-down schematic of the asymmetric MZI for ER and loss 
characterization.
The test setup used to characterize the MZIs is similar to the one shown in Figure 6-2 
with the only difference being that an optical spectrum analyzer is used on the output to 
record the devices' spectral response. For illustration. Figure 6-5 is the measured transfer 
function of one of the MZIs used in this project. It has an ER, which is the logarithmic ratio
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of maximum to minimum output power, o f 25 dB. It has a free speetral range (FSR) or 
period of 31 nm. Also shown in the figure is the optical output of a straight waveguide, 
which is used as reference for determining MZI excess loss. This straight waveguide has 
nominally the same length as the MZI and the same coupling loss; as a result, the difference 
between its output power and the maximum output power of the MZI is the loss o f the 3-dB 
couplers, which in this ease is only ~ 0.5 dB.
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Figure 6-5: M easured spectral response or transfer function o f  an asym m etric M ZI. 
It has 25 dB ER and 31 nm FSR.
6.03 Active Device Performance
Active device performance encompasses the set o f device characteristics that depend 
on device operation. They can be varied dynamically and are measured when an electrical 
signal is applied. They include phase modulation efficiency, voltage dependent transmission, 
modulation bandwidth, and data transmission capability.
6.3.1 Phase modulation efficiency
Phase modulation efficiency is a key performance figure of merit in that it determines 
the combination of voltage and device length that is needed to achieve a given modulation 
depth. Three techniques have been used throughout this project to quantify modulation
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efficiency by measuring device phase shift as a function of applied voltage. The first uses an 
interferometric test setup built using free-space optics. It can determine efficiency by 
measuring straight phase shifters like the ones depicted in Figure 6-3.
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Figure 6-6: a) Schematic diagram of the free-space interferometric test setup used to 
determine phase modulation efficiency of straight phase shifters, b) Raw data 
collected from the setup showing two interference spectra, one for 0 V bias and the 
other for 6 V bias. The observed lateral shift between the spectra is the voltage- 
induced phase shift of the Si device under test.
A schematic representation of this setup and its operation is given in Figure 6-6(a). 
The straight phase shifter under test is inserted into one arm of this free-space interferometer,
108
and commercial liquid crystal phase modulators that sweep through 4n are inserted into the 
second arm. A narrow line-width laser is used as the optical source. The Si phase shifter is 
driven with a square AC voltage signal, and a pair o f gated integrators (GIs) is used to 
separate the interference spectra for the “o ff’ (OV) and “on” device drives. This is done by 
centring the integration windows of the GIs, one within the “o ff’ and the other within the 
“on” halves of the drive clock signal. Figure 6-6(b) shows an example o f the resulting 
interference spectra. The observed lateral shift between the spectra is the voltage-induced 
phase shift of the Si device under test. This technique allows accurate measurement of phase 
shift, independent of voltage-induced optical intensity changes of the Si phase shifter and 
independent of the setup’s phase changes due to thermal or mechanical drift. This 
measurement has good sensitivity - phase shift as small as O.OOSti can be measured.
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Figure 6-7; The output spectra of an asymmetric MZI for various voltages applied to 
the phase shifter in one of its arms.
The second method for measuring voltage-induced phase shift uses a SLED as the 
optical source and asymmetric MZIs as the test structure. Here the phase shifter is inserted 
into one or both MZI arms. Only one phase shifter is needed for the measurement, but 
generally two phase shifters are included in the MZI design, one for each arm, to balance the 
optical loss of the two arms to ensure high ER. When a DC voltage is applied to the phase
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shifter, the MZI spectrum experiences a shift in wavelength, as shown in Figure 6-7. This 
shift, AÀ, can be used to calculate the corresponding phase shift Acj) using the following 
expression, derived from Equation 44 on page 31:
= (81)
A  ClA A
dfï
where AL is the length difference between the two MZI arms and — —  is related to
dA
dispersion. In most cases, dispersion is negligible because the wavelength range of interest is 
small. As the FSR o f the MZI spectra corresponds to a phase difference o f In , substituting it 
in Equation 81 gives the following simple expression
In this manner, a measure of the spectra shift and FSR allows quick determination of the 
voltage-induced phase shift.
When the combination of phase shifter length and applied voltage is sufficient to 
induce more than n-radian phase change, a third method can be used to quantify phase. The 
test structure needed is again an MZI with phase shifter embedded in one or both arms. The 
test setup, however, requires a narrow line-width laser source. When a DC voltage is applied 
to the phase shifter, the MZI output intensity varies according to the induced phase shift as 
described by Equation 37 (page 19). The voltage required to induce Tc-radian phase shift can 
be easily measured by comparing the voltages corresponding to maximum and minimum 
output powers. If  the maximum phase change obtainable from the measurement is close to 
TT-radian, then a tunable laser source and asymmetric MZI are preferred so the MZI transfer 
function can be shifted using wavelength such that both maximum and minimum MZI output 
power can be clearly measured.
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6.3.2 Voltage dependent transmission
As Equations 38-43 show (pages 30-31), the same charge carriers that induce optical 
phase shift will also change optical absorption. In this manner, optical transmission o f the 
phase shifters will vary with applied voltage. It is important to quantify this voltage- 
dependent transmission (VDT) because when different voltages are applied to phase shifters 
in the two arms of the MZI, their different optical losses could degrade MZI ER. To measure 
VDT, the output optical power o f straight phase shifters are measured for different applied 
DC voltages. For the same voltages, the corresponding phase shifts are also measured. A 
plot of optical power in dB as a function o f phase shift for different voltages should yield data 
that fits a straight line, whose slope is VDT in the desired unit o f dB/ji-radian.
6.3.3 Modulation bandwidth
The importance o f understanding modulator bandwidth does not need further 
emphasis. It is determined by measuring the devices’ 3-dB roll-off frequency. For this 
measurement, optical intensity modulation is needed, so asymmetric MZIs with phase shifters 
inserted in one or both arms are used. First a DC voltage is applied to bias the phase shifter 
to ensure that the small amplitude, sinusoidal AC drive signal for the roll-off measurement is 
either entirely above the flat band voltage for the MOS capacitor devices or entirely reverse 
biasing the p-n diode devices. The input wavelength is then adjusted to shift the phase o f the 
MZI to quadrature where the response of the MZI is approximately linear for small applied 
voltages.
To characterize the frequency response o f the poly-Si based MOS capacitor devices, 
MZI modulators are wire-bonded onto a custom-designed PCB. A small amplitude AC 
signal is delivered to the phase shifter through a 50-^2 coax cable, a PCB connector, a short
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section o f 50-Q PCB trace, and finally the wire-bonds. To confirm that the AC signal is 
appropriately applied to the phase shifter, the on-chip voltage is monitored as a function of 
frequency using a 6 GHz high-impedance probe landed on the bond pad. The optical output 
o f the modulator is collected using a 15 GHz photoreceiver and measured on an electrical 
spectrum analyzer. Any frequency dependence of the drive voltage will affect accurate 
bandwidth determination, so it is normalized out by dividing the photoreceiver output by the 
on-chip voltage. Intrinsic modulator bandwidth is then determined by finding the frequency 
at which the amplitude of the optical signal drops to 3-dB of the low-ffequency optical 
amplitude.
To characterize the intrinsic bandwidth of the ELO-based MOS capacitor devices, the 
impedance of 315 pm long straight phase shifter is determined using a two-port 40 MHz to 
40 GHz vector network analyzer (VNA). Device resistance (R) and capacitance (Q  are then 
modelled using Equation 58 (page 66). The 3-dB roll-off frequency is calculated as
“  I ttRC
To characterize the p-n diode devices, MZI modulators containing a I mm long phase 
shifter in each arm are tested. Although one can drive both arms in push-pull configuration, 
the roll-off measurement is performed using a single ended drive scheme. Figure 6-8 shows a 
schematic of the experimental setup. The signal generator is swept from 100 MHz to 50 
GHz. Its signal is amplified using a commercially available 50 Q modulator driver and then 
combined with a DC voltage using a bias-tee. This drive voltage is first measured as a 
function o f frequency using a digital communications analyzer (DCA) electrical module with 
63 GHz bandwidth (not shown). It is then connected to the travelling wave electrode of one 
o f the phase shifters to induce optical modulation. For modulators whose termination 
resistors are mounted onto the PCB (as shown in Figure 5-12 on page 93), the RF signal is
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supplied to the PCB connector. For modulators integrated with the TiN resistors (as shown in 
Figure 5-13 on page 94), the drive signal is sent to the electrode using a high speed probe 
with RF insertion loss <1 dB up to 50 GHz. The modulated optical output is collected using 
a DCA optical module with a 53 GHz photo-detector. To obtain the frequency response of 
the MZI modulator for a constant input drive voltage, the photo-receiver output is normalized 
by the input drive voltage for all frequencies. A detailed study of bandwidth performance is 
performed by varying the termination resistance. Note that the 3-dB roll-off frequency 
determined for the p-n diode devices is not the intrinsic modulator bandwidth, which is the 
case for data collected for the MOS capacitor devices. This is because the input drive voltage 
used for normalization is measured at the input of either the PCB connector or high speed 
probe. As a result, the measured roll-off frequency also includes the frequency response of 
the PCB or the probe.
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Figure 6-8: Experimental setup for measuring the 3-dB roll-off and data transmission 
of the p-n diode modulators.
6.3.4 High speed data transmission
To demonstrate > 1 Gb/s data transmission of the MOS capacitor devices, both 
asymmetric poly-Si based MZI modulators and symmetric ELO-Si based modulators are
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used. The overall length of the MZI is 15 mm, which includes input and output waveguides, 
3 dB couplers, and two arms approximately 13 mm long. Each arm comprises a 3.45 mm 
long high-doping, high-speed RF MOS capacitor phase shifter. For the poly-Si devices, 
wavelength tuning is used to bias the modulator at quadrature. For the ELO-Si devices, a 
-4.75 mm long lightly-doped, low-speed phase shifter is added to each MZI arm; it is driven 
with DC voltages to reach quadrature. High speed operation requires the use of a low 
impedance drive circuit. A custom 1C is developed and used in data transmission 
measurements exceeding 1 Gb/s [54]. It is manufactured using a 70 GHz-FT SiGe HBT 
process and employs a push-pull emitter-coupled logic (ECL) output stage [83] which is 
wire-bonded directly to the RF phase-shifters. As indicated schematically in Figure 6-9, each 
RF phase shifter is divided into eleven equal sections of 315 pm. The driver 1C has eleven 
corresponding output cells, each has bond pads for the two differential signals (applied to the 
p-type poly-Si or ELO-Si of the phase shifters) and the RF return path (connected to the n- 
type Si slab). To achieve optimal RT and FT, the data pulses are distributed to the eleven 
output cells via an internal transmission line designed to provide the correct delay. The 
driver operates from a single-ended power supply in the range of 3.3 to 3.9 V and is targeted 
to deliver up to 1.6 Vpp (3.2 Vpp differential) when operating at 8 Gb/s.
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Figure 6-9: Schematic o f MZI modulator, wire-bonds, and driver IC. Not drawn to seale.
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A DC voltage o f -3.3V, the lowest voltage potential in the system, is applied to the n- 
type Si slab. For ELO-Si devices, a voltage is applied to rib o f the low-speed phase sections 
to accumulate the MOS capacitors so to bias the MZI at quadrature. An AC voltage swing of 
1.4V is applied to the poly-Si or ELO-Si rib o f the RF phase shifters; the associated DC bias 
is chosen such that the entire AC swing is above the flat band voltage. The AC voltage 
source is generated using a 1-10 Gb/s [2^^-l] pseudorandom bit sequence (PRBS) source, and 
the modulator optical output is collected using a DCA optical module with a 15 GHz photo­
detector.
To study the data transmission performance o f the p-n diode modulators, asymmetric 
MZI modulators with 1 mm long phase shifter in each arm are measured. The experimental 
setup is shown in Figure 6-8. It is only different from the setup used for the bandwidth 
measurement in that a 21-40 Gb/s PRBS with [2^^-l] pattern length is used as the RF source. 
Again, this RF signal is amplified using a 50 Q modulator driver and is combined with a DC 
bias to ensure reverse-bias operation for the entire AC voltage swing. Similar to the roll-off 
measurement, this DC-coupled signal is connected to the input o f the travelling-wave 
electrode of the phase shifters either through the PCB connectors or high speed probes. 
Modulator optical response is measured using the 53 GHz DCA optical module.
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CHAPTER?. 
EXPERIMENTAL RESULTS: MOS-CAPACITORS
When this project started with the investigation of poly-Si based MOS capacitor modulators, 
a large number of device designs, as summarized in Table 5-1 (page 82), were fabricated and 
tested to gain fundamental device understanding and to validate simulation accuracy. Results 
from this phase o f the project laid the foundation for subsequent device development, which 
became more streamlined in that simulation tools were more readily used to narrow down the 
design space. This shift from experimentally investigating a large set o f structures to 
evaluating one or two optimized designs was apparent in Chapter 5. It will also be apparent 
in this chapter, which presents the measured device results from both the poly-Si based and 
ELO-Si based MOS capacitor modulators. Where appropriate, simulation data is included for 
comparison.
7.01 Poly-Silicon MOS Capacitor Modulator
Due to the geometric asymmetry of the waveguides and the presence of the horizontal 
gate oxide, the phase shifters are expected to exhibit strong polarisation dependence. For 
illustration, the modelled TE and TM mode profiles for Design E devices (refer to Table 5-1, 
page 82) are shown in Figure 7-1. Because the TE mode is more tightly confined inside the 
waveguide as compared to the TM mode, it interacts more strongly with the charge carriers 
near the gate. As a result, the phase modulation efficiency for TE light is expected to be 
higher than that for TM light. Indeed, experimental data for Design E devices show that
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phase efficiency for TE is more than 10 times that for TM. Even for Design G devices (see 
Table 5-1), whose rib height is a larger fraction o f the waveguide height for better lateral 
optical confinement, the phase efficiency for TE is 4 times that for TM. As a result, all data 
presented below is for TE polarisation and 1.55 pm wavelength.
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Figure 7-1: Modelled TE and TM mode profiles for the Design E phase shifter at 
1=1.55 pm. Note that the TE mode has tighter lateral optical confinement for better 
phase efficiency.
Given that the MOS capacitor design had not been previously explored for Si optical 
modulation, of most concern when this project started was device performance such as phase 
modulation efficiency and optical loss. A large number o f designs are therefore investigated, 
of which nine have been introduced in Section 5.1.1 (page 76). Table 5-1 summarizes the 
details o f these designs, and it is reproduced here as Table 7-1 for convenient reference. To 
keep testing manageable, only the key performance parameters needed to compare the 
different designs are characterized; these include phase efficiency, transmission loss, and 
voltage dependent transmission (VDT). The full set of device parameters, as discussed in 
Chapter 6 (page 93), are studied only for select designs with good overall performance.
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Device
design
Rib
width
(pm)
Rib
height
(pm)
Poly-Si
thickness
(pm)
Si
thickness
(pm)
Gate oxide
thickness
(nm)
Poly-Si
wing
A 3.2 0.6 0.2 2.3 12 No
B 2.5 0.8 0.8 2.0 12 No
C 2.5 0.9 0.9 1.6 12 Yes
D • 2.5 0.8 0.8 1.4 12 No
E 2.5 0.9 0.9 1.4 12 Yes
F 1.65 0.9 0.9 1.2 12 Yes
FI 1.65 0.9 0.9 1.2 6 Yes
G 1.65 0.9 0.9 0.9 12 Yes
G1 1.65 0.9 0.9 0.9 6 Yes
Table 7-1: Physical parameters of the nine phase shifter designs. Refer to Figure 5-3 
(page 79) for schematics of device cross-sections.
7.1.1 Phase modulation efficiency
Phase efficiency is measured using straight phase shifters and the free-space 
interferometric test setup shown in Figure 6-6 (page 108). For all MOS capacitor based 
devices, the same electric field strength Vr/tox = 0.5 V/nm is maintained to determine Lj^ . For 
instance, the drive voltage Fd is 6 V for a 12 nm gate device and 3 V for a 6 nm gate device. 
The electric field strength is an important parameter to monitor because high fields can lead 
to dielectric breakdown and device failure. Because the critical DC field strength to 
breakdown a 8102 layer is ~1 V/nm, it has to be much lower for reliable device operation 
over time. Reliability studies of random access memory (RAM) chips find that the maximum 
field a gate oxide can tolerate over 10 years of sustained operation is 0.75 V/nm [84]. 
Another study evaluates the breakdown field for AC drive conditions. For an NMOS 
transistor with 7 nm gate oxide, the pulsed breakdown voltage is ~14 V, which translates to a 
field strength of 2 V/nm [84]. Since the drive signal for the modulator is AC, a DC electric 
field strength less than 0.75 V/nm, namely 0.5 V/nm, is chosen and maintained to ensure that 
all devices operate with the same desired reliability.
1 1 8
A representative sample of phase shift data is given in Figure 7-2. It shows the 
measured and modelled phase shift o f Design E deviees as a function o f drive voltage for 
different phase shifter lengths, Z=l, 2.5, 5, and 8 mm. The symbols represent experimental 
data and the solid curves are the modelled results. As the figure illustrates, there is good 
agreement between simulation and measurement for all device lengths. The phase shift is 
almost linearly dependent on the drive voltage. It is also linearly dependent on phase shifter 
length for a given drive voltage, as is expected from Equation 44 (page 31). The flat band 
voltage is extracted from a fit to the phase data to be 1.25 V. To calculate the product, 
the operating voltage for the device is first determined based on its gate oxide thickness. For 
example, because a Design E device has a 12 nm gate oxide, its operating voltage is 6 V to 
ensure 0.5 V/nm electric field strength. From the phase-voltage data shown in Figure 7-2, 
one sees that at 6 V, a 5 mm long device experiences 0.305 n phase shift or 0.61 7i/cm. 
Taking into account the flat band voltage of 1.25 V, this translates to a phase change o f 0.128 
7r/(V.cm), which is equivalent to a product of 7.8 V-cm.
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Figure 7-2: Phase shift A(j> vs. drive voltage Vo for Design E phase shifters at À,= 1.55 
pm for different device lengths. The symbols represent the measured phase shifts and 
the solid lines are the modelled phase shifts. The flat band voltage is estimated to be 
1.25 V from the measured data.
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To understand device repeatability, multiple phase shifters of varying lengths are 
measured for each design. Figure 7-3 shows experimental VJ^t^ products for Design E 
devices. Note that the variation in data, defined here as standard deviation / mean, is <5%, 
which is very representative for all device designs.
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Figure 7-3: product of Design E phase shifters of different device lengths. Note
that data spread (standard deviation/mean) is <5%. All data are measured and 
calculated using the same drive voltage of 6 volts.
Figure 7-4 summarizes the measured and modelled products of the seven phase 
shifter designs with 12 nm gate oxide (designs A through G). Clearly, the phase efficiency of 
the devices is strongly affected by the waveguide dimensions and the position of the 
horizontal gate. Design A, with a 3.2 pm wide rib, has the largest waveguide cross-section. 
It therefore has the largest optical mode, whose field amplitude is relatively weak compared 
to those of smaller waveguide cross-sections. Furthermore, its gate oxide and the 
accompanying accumulated charges are 0.2 pm from the top of the 2.5 pm tall waveguide -  
there the optical field is weak. The combined result is a small overlap integral between the 
charge carriers and the optical mode. It is therefore not surprising that its V^Ln product is 95 
V-cm (= (6Vd-1.25Vfb) x 20cm L„). As the waveguide rib width is reduced to 2.5 pm and
120
the gate oxide is moved closer and closer to the centre of the optical mode, as for designs B to 
E, the interaction between the accumulated charges and the optical mode is consistently 
enhanced. The result is an improvement in phase efficiency, as indicted by the consistent 
drop in the product. Designs F and G reduce the waveguide dimensions further. Their
comparison shows the same trend in improving phase modulation efficiency - as the gate 
oxide is moved closer to the centre of the optical mode and the total waveguide height is 
reduced, as in Design G, the product is further minimized. Its 3.3 V-cm value
represents a greater than two times improvement over that of Design E. Another benefit of 
reducing waveguide dimensions is that the gate area is accordingly reduced, which translates 
to lower device capacitance and higher speed operation.
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Figure 7-4: VJL;, products of the seven phase shifter designs with 12 nm thick gate 
oxide. Hashed bars represent measured data and solid gray bars represent modelled 
values.
In addition to strengthening the interaction between the optical mode and the charge 
carriers, another way to improve is to increase the number o f accumulated carriers per 
volt o f electrical drive. One simple approach is to reduce the gate oxide thickness tox- As 
Equation 70 (page 75) illustrates, to maintain the same accumulated charge density change
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ANe and ANh, the drive voltage swing Vd-Vfb can be reduced when tox is thinned. The end 
result is o f course a reduction in VJLjt- One has to be careful here, however, because thinning 
the gate has the adverse effect of increasing capacitance, which will suppress device speed by 
increasing the RC time constant. To compensate, one can lower resistance by increasing 
material doping, but the trade-off is higher transmission loss.
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Figure 7-5: products of phase shifters with different gate oxide thicknesses -  12
nm and 6 nm. Hashed bars represent measured data and solid gray bars represent 
modelled values. Note that the same filed strength of Vi/tox = 0.5 V/nm is maintained to 
determine phase efficiency for the different designs.
Figure 7-5 shows both experimental and theoretical verification of the oxide thickness 
-  phase efficiency dependence. By reducing the thickness 50% from 12 nm to 6 nm, 
drops approximately 60% for both designs F and G. is not halved, as predicted by
Equation 70 (page 75), because as the gate oxide is thinned, it perturbs the optical mode less. 
Figure 7-6 shows line-euts of modelled mode profiles of designs G and G l. Note that G l, 
with the thinner 6 nm gate, has stronger optical field in the vicinity of the gate oxide. The 
result is enhanced interaction between the optical mode and charge carriers, which is 
modelled to increase from 0.5% for Design G to 0.7% for Design G l. While this stronger 
interaction improves phase efficiency, it also increases loss, which for the same designs
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above is modelled to be 5.9 and 8.0 dB/cm. While reducing gate thickness improves phase 
efficiency, it does have the undesirable effects of increasing both device capacitance and 
optical loss.
The most efficient phase shifter is Design G l. It has the smallest waveguide 
dimensions, the most centred gate oxide placement, and the thinnest gate oxide of all the 
designs investigated. Its product of 1.4 V-cm (= (3Vd-I.25Vfb) x 0.8cm L,i) represents 
a greater than five times improvement over that o f Design E. Nonetheless, compared to other 
Si-based phase shifters such as thermo-optic or forward-biased p-i-n diode devices. Design 
01 is still five to ten times less efficient, as defined by To further improve phase
efficiency of the MOS capacitor based devices, one would have to reduce the waveguide 
cross-section down to sub-micrometer dimensions.
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Figure 7-6: Line-cuts of modelled mode profiles of designs G and Gl along the y 
direction of the phase shifter waveguide.
7.1.2 Phase shifter loss
Transmission loss of the phase shifters can be separated into two key portions: loss 
associated with the passive waveguide sections (passive waveguide loss), and loss associated 
with the additional doping and contact metal needed to complete the MOS capacitor structure
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for active modulation (excess loss). The passive waveguide loss components include 
sidewall and surface roughness, undoped poly-Si rib, and the n-type phosphorus doping in the 
SOI Si slab. The excess loss components include poly-Si wing, p-doping in the poly-Si rib, 
contact dopings, and metal eontacts.
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Figure 7-7: Transmission spectrum of a passive waveguide, which is used to
calculate both transmission loss and coupling loss using the FP resonant method.
Passive waveguide loss is measured together with the fibre coupling loss using the FP 
resonance method. For illustration, Figure 7-7 shows the transmission'spectrum of a 0.82 cm 
long straight Design E passive waveguide. This data is fitted to the standard FP equations 
(Equations 78 and 80, page 104). Using the modelled facet reflectivity of -30%, 
transmission loss is calculated to be 1.5 dB/cm. Measurements of multiple devices yield a 
standard deviation of 0.2 dB/cm. FIMMWAVE modelling shows that for Design E devices, 
9% of the optical mode interacts with the poly-Si rib, which has been previously measured to 
have a material loss of 10 dB/cm. As a result, poly-Si can account for approximately 0.9 
dB/cm o f the total passive waveguide loss. Loss associated with the phosphorus doping is 
calculated to be 0.5 dB/cm. In this manner, surface scattering loss is believed to be 
negligible. From the same FP calculations, coupling loss to the -3.3 pm spot size lensed
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fibres is found to be 5.8 dB/facet with a standard deviation o f 0.1 dB/facet. Note that -1 .5  dB 
of this is due to reflection losses at the uncoated waveguide-to-air interface and can be 
reduced to zero with anti-reflective coating. So, coupling loss for actual device 
demonstration is 4.3 dB/facet.
Table 7-2 compares the measured passive waveguide losses for Designs E, F I, and 
G l. To understand the sources o f these losses, mode overlap with the poly-Si rib is modelled 
using FIMMWAVE, and losses due to poly-Si as well as phosphorus doping in the slab are 
calculated. There is additional loss that is not accounted for and could be due to loss 
mechanisms such as sidewall scattering. Note that transmission loss increases as waveguide 
dimensions shrink from Design E to G l. This trend is expected because overlaps with both 
the lossy poly-Si and rough waveguide sidewalls are increasing. Passive waveguide loss for 
Design FI is 4 dB/cm, of which 0.5 dB/cm is likely due to phosphorus doping, 1.2 dB/cm is 
calculated to be from the undoped poly-Si, and the remaining could be largely due to surface 
scattering. Measured passive waveguide loss is even worse for the smallest Design G l; it is
7.4 dB/cm.
Design Measured passive 
waveguide loss (dB/cm)
Mode-to-poIy-Si 
overlap (%)
Poly-Si
(dB/cm)
Doping
(dB/cm)
Other
(dB/cm)
E 1.5 9% 0.9 0.5 0.1
FI 4.0 12% 1.2 0.5 2.3
Gl 7.4 31% 3.1 0.4 3 4
Table 7-2: Summary of measured passive waveguide transmission losses and 
calculated loss contributions.
Transmission loss of the phase shifters in excess o f the passive waveguide loss is 
determined experimentally using the cutback method and straight phase shifters. For each 
design, multiple identical devices at a minimum of four different lengths are measured. 
Figure 7-8 shows a set o f raw data collected from the cutback measurement. Note that data
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repeatability is good as the optical power measured for deviees of the same length varies no 
more than ±5%, which is variation representative of most measurements. Excess 
transmission loss in dB/length is determined as the slope of a straight line fitting the data. 
Total phase shifter loss is then obtained by including the passive waveguide loss. d B /^  is 
subsequently calculated by multiplying this total loss by the length of device needed for 71- 
radian phase shift.
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Figure 7-8; Raw data from phase shifter cutback measurement. Slope of the linear 
line fit is the transmission loss in dB/cm.
Phase shifter designs A, B, and D have high total transmission loss because their 
metal contacts and high concentration doping are directly on top of the waveguide rib [69]. 
These high loss materials, as a result, interact strongly with the optical mode. Design D, for 
instance, has a loss of 36 dB/L„. To lower loss to 12 dB/L„, the total area that the metal and 
doping come in contact with the phase shifter is reduced by 98%. This is done by 
substituting the long, continuous metal contacts that cover the entire length of the phase 
shifters with multiple, 20 pm long metal eontacts that are spaced 1 mm apart. This approach, 
however, is not practical because it will significantly suppress device speed. The solution is 
to move the contacts and high concentration doping away from the optical mode but close 
enough to maintain high frequency response. As a result, the poly-Si wing design is
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implemented for all other phase shifters. By comparing designs D and E in Figure 7-4, one 
can see that the addition of the wings does not significantly alter the optical field distribution 
of the devices -  even though Design E has the wings while Design D does not, the two 
devices have products that are statistically the same.
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Figure 7-9: Total transmission losses of the phase shifters. Hashed bars represent 
measured data and solid gray bars represent modelled values.
Figure 7-9 shows measured loss data for Design D (with long and short metal 
contacts) and four designs with poly-Si wing. For comparison, modelled loss values are also 
presented for the devices with wing. Simulation was not run for Design D because it was 
clear that it has inferior performance. Note that the agreement between measured and 
modelled loss is not as good as that for phase efficiency. One reason for this is that the model 
does not take into account optical scattering loss. Another reason is that the exact doping 
profiles of the devices are hard to determine. SIMS and SRP are used to measure dopant and 
carrier concentration profiles, respectively. These techniques themselves have a certain 
amount of measurement error. Furthermore, they require large test patterns so these analyses 
cannot be done on actual waveguides. Even subtle differences in layer thicknesses o f the
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analysis structures compared to those of the waveguides can lead to inaccuracies in the 
dopant and carrier profiles. These profiles are used in ATLAS and FIMMWAVE to model 
phase efficiency as well as loss (see Section 4.01 on page 54).
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Figure 7-10: Line-cuts showing voltage-induced change in electron and hole 
concentrations for two MOS-capacitor structures with different dopant distributions.
Inaccuracies in the doping profiles affect modelling of loss but not phase efficiency 
because loss is determined by the overall dopant distribution inside the waveguide, whereas 
phase efficiency is determined only by the voltage-induced change in carrier concentration, 
which is independent of doping, as indicated by Equation 70 on page 75. This independence 
is confirmed by modelling and comparing the voltage-indueed change in carrier density for 
two simple MOS-capacitor structures (similar to the device shown in Figure 5-1 on page 75): 
one has 5 x 1 cm'^ p-type and 1x10^^ cm'^ n-type doping and the other has 1x10^  ^ cm'^ p- 
type and 2 x 1 cm'^ n-type doping. For each structure, the eleetron and hole density 
contours are modelled using Silvaco ATLAS for 0 V and 4 V applied bias. From these 
contours, the voltage-induced change in electron concentration {De) and hole concentration 
{Dh) are calculated. Figure 7-10 shows De and Dh linecuts across the centre of both MOS-
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capacitor structures. Despite the large differences in dopant concentrations, only subtle 
changes are observed between the two hole profiles and two electron profiles. The two 
devices are modelled to have similar phase efficiencies but have almost 5 dB/cm difference in 
transmission loss.
As Figure 7-9 shows, Design E, which has very similar waveguide dimensions and 
gate oxide position as Design D, has a loss o f 9.6 dB/L7t. This result confirms that putting 
the metal and high concentration doping on the poly-Si wings is a very effective way o f 
minimizing contact loss. The question now is how to reduce the remaining loss o f 9.6 
Modelling shows that 9% of the optical mode is in the poly-Si regions o f the rib waveguide. 
Although significant effort was made to improve dopant activation in poly-Si and reduce 
transmission loss, poly-Si with 5x10^^ cm'^ active doping concentration still has a loss o f -50  
dB/cm (see Figure 5-2 on page 77). This poly-Si loss alone translates to 7.4 dB/L^t (9% x 
50dB/cm X  1.65cm/L,r). It is therefore clear that to improve phase shifter loss, poIy-Si 
material loss must be reduced.
Data in Figure 7-9 also shows that transmission loss per increases consistently 
fi*om Design E to Design G l. One reason for this is that as the cross-section dimensions are 
reduced, the interaction between the optical mode and the rough waveguide sidewalls 
increases. For instance, loss due to sidewall roughness is negligible for Design E but could 
be as high as 3.9 dB/cm for Design G I (see Table 7-2). Another reason for the increase in 
phase shifter loss is that as the overlap between the optical mode and charges increases, so 
does the overlap between the mode and the lossy poIy-Si. The net result is both an increase 
in phase per device length and an increase in loss per length. The reason why transmission 
loss per Ljr does not stay constant is because the loss increases faster than the improvement in 
phase efficiency. This effect can be understood by comparing Designs FI and G l, where 
there is a modelled 2.5X increase in mode overlap with poly-Si, but only a 2X increase in
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mode overlap with the accumulated charge carriers. In order to simultaneously improve 
phase efficiency and reduce loss per L„ for these device designs, poly-Si loss again needs to 
be redueed. If the poly-Si region is replaced by single erystalline Si and waveguide sidewall 
roughness is reduced, designs E through Gl all have modelled transmission losses less than 4 
dB/L^.
7.1.3 Voltage dependent transmission
As Equations 38-43 (pages 30-31) clearly illustrate, the same aceumulated charge 
carriers that induce optical phase shift also result in optical absorption. Calculation shows 
that this free-carrier absorption should be approximately 2 dB/ri for all designs considered. 
Phase shifter designs B to E are measured; representative data are shown in Figure 7-11.
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Figure 7-11 : VDT in dB versus phase shift for different phase shifter designs.
Note that voltage dependent transmission (VDT) loss in dB trends quite linearly with 
phase shift for all devices, which is expected because the two parameters have similar AVg, 
AV/;, n, and A, dependence. What is not expected, however, is that the measured VDT losses 
are >3.5 dBAr, signifieantly higher than the absorption loss predicted by the equations. The
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causes of this discrepancy are unclear. It is possible that there are scattering losses related to 
carrier density change that the equations do not take into aecount. Also, the applied voltage 
could perturb the optical mode, increasing its overlap with the lossy poly-Si. Furthermore, 
the poly-Si material itself could have optical behaviour different from that of single­
crystalline Si. To identify the reasons for the high VDT losses, more investigation is needed.
7.1.4 Mach-Zehnder interferometer performance
The nine poly-Si based MOS capacitor phase shifters summarized in Table 7-1 are 
designed and fabricated sequentially with Designs A and B being the first studied. Designs C 
through E are processed next using experience gained from the earlier designs. Based on data 
collected for these five devices. Design E is chosen as the vehicle to study optical intensity 
modulation because it has both the best phase efficiency o f 7.8 V-cm and the lowest phase 
shifter loss o f 9.6 dB/L^. As a result, MZI structures are fabricated with design E phase 
shifters imbedded in one or both waveguide arms.
The overall length of the modulators is 16 mm, which includes input and output 
waveguides, 3-dB directional couplers, and the two MZI arms. To facilitate laboratory 
testing, the MZIs all have an asymmetric design in that the arms have a path length difference 
o f -16.7 pm, which yields a FSR of -40  nm and allows for quadrature biasing o f the 
modulator via adjustments to the input laser wavelength.
To understand MZI performance such as optical loss and ER, modulators with 10 mm 
phase shifter in one or both arms are characterized. Figure 7-12 shows the transmission 
spectra of the modulators together with that o f a straight passive waveguide [85]. This 
waveguide has nominally the same length as the MZIs. Comparing its transmission to the 
maximum transmission of the modulators shows that the excess loss is -  4 dB, all o f which 
can be accounted for by the excess loss o f 4.3±0.2 dB/cm for the 10 mm phase shifters. The
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optical loss of the 3-dB couplers, therefore, is very small and is within measurement error. 
The total insertion loss of the modulators is 15.5 dB, including 8.6±0.1 dB coupling loss, 
4.3±0.2 dB excess phase shifter loss, and 2.4±0.3 dB passive waveguide loss. The modulator 
with two phase shifters, one in each arm, has a DC ER greater than 25 dB. When only a 
single phase shifter is inserted into the MZI, ER is measured to be -10 dB. This degradation 
is the result of optical power imbalance between the two arms of the MZI, introduced by the 
passive optical loss (irrespective of VDT) of the single phase shifter. Also note that the 
transmission spectrum of the straight waveguide is relatively flat with little oscillation; this is 
a clear sign that the deviee is single-mode. MZI ER of >25 dB and the absence of ripples in 
the MZI spectra also confirm single-mode behaviour.
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Figure 7-12: Transmission spectra of asymmetric MZIs with 10 mm Design E phase 
shifter in one or both arms.
To understand the impact of VDT on MZI ER, a modulator with phase shifter in both 
arms is tested by applying a DC voltage of 5 V first to one and then the other phase shifter. 
The expected shift in MZI spectrum due to the induced index change can be seen in Figure 
7-13 [85]. Note the decrease in ER with applied voltage; this is the result of VDT, which 
introduces an imbalance of optical power between the two arms. If the modulator is biased
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for minimum transmission at 0 V, the achievable modulation depth at DC or low drive 
frequency is above 25 dB. If the modulator is biased at quadrature at 0 V, the achievable 
modulation depth is close to 17 dB.
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Figure 7-13: Transmission spectra of an MZI with phase shifter in both arms, for 
three bias conditions: 5 Vdc applied to one arm, no voltage applied to either arm, and 
5 Vdc applied to other arm.
Because Design FI and Gl phase shifters have much improved efficiency compared 
to Design E devices, they are also characterized in detail to assess their suitability for 
intensity modulation using an MZI. Because these newer designs have smaller waveguide 
cross-sections, their modes overlap more with waveguide sidewalls and the lossy poly-Si rib. 
So, they suffer from higher transmission loss for both passive waveguides and phase shifters. 
As shown in Table 7-2 (page 125), passive waveguide loss is 4 dB/cm for Design FI and 7.4 
dB/cm for Design G l . As Figure 7-9 shows, phase shifter loss is 14 dB/L„ for Design FI and
15.8 dB/L,t for Design G l.
Table 7-3 illustrates how MZI modulators based on different phase shifter designs, 
namely Designs E, FT, and G l, compare in terms of total on-chip loss. Note that all loss
values presented here are calculated based on measured data, but actual MZIs with these 
specific designs were not fabricated or tested. To allow comparison of modulators with 
similar performance, they are all assumed to have phase shifters in both arms and a total o f 6 
mm of passive waveguide. In addition, each phase shifter is designed to be sufficiently long 
to give 0.5ti of phase. Assuming the 3-dB coupler loss is negligible, modulator based on 
Design E has the lowest on-chip loss o f less than 6 dB, whereas that based on Design FI is 
9.4 dB and that based on Design G l is more than 12 dB.
Design Passive 
waveguide 
length (mm)
Passive 
waveguide 
loss (dB)
Phase shifter 
length (mm)
Phase 
shifter loss 
(dB)
Modulator
loss
(dB)
E 6 0.9 8.3 4.8 5.7
FI 6 2.4 7 7 9.4
Gl 6 4.4 4 7.9 12.3
Table 7-3: Summary of calculated transmission loss components for MZI modulators 
based on different phase shifter designs.
7.1.5 High speed performance
To understand the high speed performance of the poly-Si MOS capacitor modulators, 
asymmetric MZIs with Design E phase shifters are studied. Design E is chosen because it 
has relatively high phase efficiency and low transmission loss. Compared to designs FI and 
G l, it also allows better optical coupling because of its larger waveguide cross-section. First, 
Silvaco ATLAS is used to simulate the intrinsic device bandwidth. The physical model is 
created to represent the actual device as closely as possible, using as input the fabricated 
device geometry and measured SRP carrier concentration profiles. The simulated carrier 
transient response shows slower rise time than fall time, indicating slower carrier 
accumulation than carrier discharge. Using rise time in Equation 45 (page 63), intrinsic 
bandwidth is calculated to be 3 GHz.
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Figure 7-14: Impedance taken from Sll measurement of a 315 pm long segment of 
phase-shifter. A simple LRC circuit is used to fit the data. The curve X(LC) is the 
reactance of the model circuit for comparison to the measured data.
To experimentally determine the intrinsic bandwidth of the device, short sections of
the phase-shifter are measured to understand the RC time constant. The length is kept short
to minimize transmission-line and distributed load effects. The contact pads are placed at the
mid-point of the device for the same reasons. First the reflection coefficient Su is measured.
From this, the frequency-dependent impedance, then resistance and reactance, are derived, as
shown in Figure 7-14. A simple series LRC circuit similar to the one given in Figure 4-7
(page 66) is used to model the device. In other words, its impedance equation (Equation 58
on page 66) is used to fit the measured data. A capacitance of 2.4 pF and inductance of 0.60
nH are found to give the best fit. The curve X(LC) in Figure 7-14 is the reactance of the
modelled circuit for comparison to the measured data. Resistance is approximated to be
17 Q. The contact pad capacitance is 0.11 pF. The RC cutoff frequency, 1/(2ttRC), is
therefore in the range of 3.6 GHz, 20% higher than the 3 GHz modelled by Silvaco ATLAS.
This discrepancy is likely caused by inaccuracies in the carrier profile used for the
simulation. The profile is obtained by analyzing metrology pads on the same testchip as the
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actual modulators. There are two sources of potential error: the SRP analysis itself has a 
measurement error of ±20%, and the metrology pads are not a true representation of the 
device due to differences in fabrication tolerances for the two types of struetures.
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Figure 7-15: Frequency dependent optical response of MZIs with different phase 
shifter lengths. Data normalized to signal at 1 MHz. Note the decrease in roll-off 
frequency with increasing phase shifter length.
To measure the intrinsie device bandwidth optically, asymmetric MZIs with different 
lengths of phase shifters are wire-bonded onto a PCB and tested using a 0.8 Vpp sinusoidal 
AC signal. A 3 Vdc is also applied to the device to ensure that the entire AC swing is above 
the flat band voltage. The optical wavelength for device characterization is chosen to bias the 
modulators at quadrature. Amplitude of the voltage-induced optical intensity modulation is 
normalized to the measured value at 1 MHz and is plotted as a function of frequency, as 
shown in Figure 7-15. The data shows a clear length dependence, where the 3-dB roll-off 
frequency is -500 MHz for 1 mm and decreases to -200 MHz for 10 mm. This drop in 
bandwidth is the result of increasing metal resistance and device capacitance with longer 
phase shifter lengths. Note that these measured bandwidth values are significantly less than
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those predicted by modelling and electrical measurement. This discrepancy is the result of 
frequency limitations of the electrical drive and measurement setup.
While measuring the frequency dependence of the modulator optical response, RF 
signal induced deviee heating is observed. Figure 7-16 shows the transmission spectra of an 
MZI with a 5 mm long phase shifter, tested under three drive conditions: DC (no RF signal), 
1 MHz drive, and 316 MHz drive. In the inset are frequency-dependent average optical 
output powers of the MZI modulator measured at two wavelengths, 1543 nm and 1565 nm, 
corresponding to the two quadrature points.
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Figure 7-16: MZI spectra for three test conditions: DC (no RF signal), 1 MHz drive, 
and 316 MHz drive. Shown in the inset are average optical output powers of the MZI 
plotted as a function of electrical drive frequency for the two quadrature wavelengths 
of 1543 nm and 1565 nm. The data shows a shift of the spectrum with 316 MHz 
drive, indicating RF-induced device heating.
With 1 MHz drive, there is no shift in the MZI spectrum relative to that for the no RF 
drive case. With 316 MHz, however, there is a noticeable blue-shift. At 1543 nm, this 
corresponds to an increase in the MZI output power, which is confirmed by the optical power 
versus frequency data given in the left inset. At 1565 nm wavelength, the spectrum shift
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results in a decrease in the MZI power, which is again confirmed by the MZI average power 
measurement data in the right inset. For this 5 mm phase shifter, modelling predicts that <0.1 
°C heating of the active region will result in the observed blue shift. For all bandwidth 
measurements, the sinusoidal RF drive signal is therefore made as small as possible to 
minimize RF heating. The input optical wavelength is also adjusted during measurement to 
maintain quadrature bias and constant average output power for all frequencies; in this 
manner, the modulation amplitude is a true measure of the frequency response of the 
modulator and is not affected by RF heating.
To minimize the frequency limitations o f the test system to allow measurement of the 
modulator intrinsic bandwidth, improvements are made to the PCB, and high quality cables 
and connectors are used. An asymmetric MZI with a single 2.5 mm Design E phase shifter, 
having a total on-chip optical loss of 3.5 dB, is wire-bonded onto the PCB. A 0.5 Vpp 
sinusoidal AC signal, together with a 3 Vdc bias, is applied to the device through the PCB 
connector. The input optical wavelength is chosen to be -1558 nm to bias the MZI at 
quadrature.
Figure 7-17(a) shows the amplitude o f the AC drive voltage measured at the phase 
shifter bond pads as well as the amplitude of the resulting modulated optical signal measured 
using a high speed photodector. The on-chip drive voltage drops to <50% of its low- 
ffequency value at 1.5 GHz. This frequency roll-off is governed by the output impedance of 
the drive circuitry and the phase shifter capacitance. To obtain the frequency dependence of 
the modulator optical response for a constant drive voltage, the photoreceiver output voltage 
is normalized by the corresponding on-chip drive voltage for all frequencies. This 
normalized response is given in Figure 7-17(b), and it shows that the phase shifter has an 
intrinsic bandwidth o f >2.5 GHz [52,53].
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Figure 7-17: (a) On-chip drive voltage (Vrms) and photoreceiver output of an MZI 
containing a single 2.5 mm phase shifter, and (b) modulator normalized response 
(photoreceiver output/on-chip voltage) showing an intrinsic bandwidth of 2.5 GHz.
Because contact metal resistance and device capacitance increase with increasing 
phase shifter length, the measured roll-off frequency of an even shorter phase shifter is 
expected to exceed 2.5 GHz and approach the 3.6 GHz calculated from S-parameter. Devices 
with shorter phase shifters are not measured because in order to keep the RF-induced device 
heating minimal, small AC drive signal has to be used. With the small AC amplitude, shorter 
phase shifters do not yield sufficient optical modulation for accurate measurement.
To demonstrate large-signal modulation, a drive circuit based on readily available Si 
emitter coupled logic (ECL) buffers is developed to generate larger voltage amplitudes'. 
These buffers have a single-ended swing of 1.6 V (3.2 V differential). An asymmetric MZI
The MZI is driven differentially by a set o f  four parallel-connected O n-Sem iconductor M C I0 E P 8 9  ECL buffers.
139
with two 1 cm phase shifters, one in each arm, is used. It has a total on-chip loss of 6.7 dB. 
Calculation shows that this combination of driver and modulator should provide sufficient 
phase shift for an ER of 5.8 dB when the MZI is biased at quadrature. For high speed 
demonstration, the phase shifter in eaeh arm is divided into eight equal segments of 1.25 mm 
to lower device eapacitance. Figure 7-18 shows the optical response of the modulator driven 
with a 2^’-l PRBS signal at I Gb/s. One ean see that the optical signal faithfully tracks the 
electrical data bit for bit. The measured high-frequency ER is 5 dB and is close to the 
expected value [53].
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Figure 7-18: Signal of a poly-Si MOS capacitor modulator driven with a 2 '-1 
PRBS at 1 Gb/s. The MZI has a pair of 1 cm phase shifters and is driven 
differentially with total amplitude of 3.2 V (1.6 V single-ended). The RF extinction 
ratio is 5 dB.
The demonstrated 1 Gb/s data rate is limited by both the drive circuitry and the 
relatively long length of the modulator. To increase data rate, a low impedance driver circuit 
is designed and fabricated, as described in Section 6.3.4 (page 113). It is targeted to deliver 
up to 1.6 Vpp (3.2 Vpp differential) and up to 8 Gb/s operation. The modulator tested is an 
MZI with 3.45 mm long phase shifter in each arm. It has a total on-chip loss of 4 dB. The
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physical interface between the driver and modulator is chosen to give low induetanee while 
still allow for a simple wire-bonding teehnique. As Figure 6-9 on page 114 shows, the phase 
shifters are divided into 11 equal seetions of 315 pm, and the driver IC has 11 eorresponding 
output eells.
To achieve optimal RT and FT, the data pulses are distributed to the 11 outputs via an 
internal transmission line. The TE optieal mode of the modulator has a group index 
ealeulated to be 3.69. The voltage at output 11 (i.e., the right side o f Figure 6-9) should 
therefore be delayed by approximately 38 ps eompared to the voltage at output 1 (i.e., the left 
side of Figure 6-9). The measured propagation delay is aetually 26 ps. Following [86, eq. 
3(b)], the 12 ps mismatch will give a 3-dB eutoff of nearly 40 GHz, which is more than 
suffieient for the phase shifter with 3.6 GHz RC eutoff.
a)
Figure 7-19; Optical eye diagrams from modulator co-packaged with low- 
impedance driver. In (a), the input data rate is 4 Gb/s and the device has ER, RT, and 
power of 1.3 dB, 82 ps, and 2.7 W, respectively. In (b), the input data rate is 2.5 
Gb/s, ER=1.7 dB, RT=91 ps, and P=2.5 W.
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The experimentally-measured optieal eye diagrams for the eo-paekaged driver and 
modulator are given in Figure 7-19 [54]. The horizontal and vertical scales are 80 ps/div and 
60 mW/div, respeetively, for both eyes. The 4 Gb/s data transmission in (a) has 1.3 dB ER, 
82 ps RT, and 2.7 W power eonsumption. The 2.5 Gb/s eye in (b) has 1.7 dB ER, 91 ps RT, 
and 2.5 W power. O f the total power eonsumed, <0.14 W is dissipated in the 4 Gb/s 
modulator. This is determined by using the expression
P = -C V ^ B r  (84)
4
where P is electrieal power, C is the total phase shifter eapacitance, V is the drive AC voltage, 
and Br is the data rate. Note the trade-off between edge rate and ER as well as power; this 
can be controlled through a number of driver settings. In effeet, the introduction of this low 
impedance driver has lead to a fourfold inerease in measured data rate but has resulted in a 
deerease in ER. It is expected, however, that bandwidth and ER can be simultaneously 
improved by reducing modulator internal resistance and scaling down the waveguide 
dimensions to reduce capaeitanee and improve phase effieiency.
7.02 Epitaxial-Silicon MOS Capacitor Modulator
It is apparent from the poly-Si MOS eapacitor experiments that one of the biggest 
contributors to modulator loss is the doped poly-Si. As deviee design is further optimized for 
phase modulation effieieney, where even smaller waveguide cross-seetion and more eentral 
placement of the gate oxide dictate larger overlap between poly-Si and the optical mode, loss 
due to poly-Si will invariably worsen. In addition, the need to reduee material resistanee to 
improve deviee speed makes poly-Si even less appealing because compared to crystalline Si, 
its poor dopant activation means much more loss-inducing dopants have to be incorporated to
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achieve a given material resistivity. For these reasons, the second phase o f the project 
focused on replacing the poly-Si with low loss epitaxial lateral over-growth Si (ELO-Si).
7.2.1 Material and processing challenges
The effort to incorporate ELO-Si into the fabrication flow o f the MOS-capacitor 
modulator was met with several material and processing challenges. Three o f these are 
discussed here. They are the most critical in affecting device performance, and they required 
the largest amount o f development effort and time.
Key to the ELO-Si process is the growth o f single crystalline Si" above the MOS- 
capacitor gate oxide. This neeessitates crystal nucléation and growth only from the Si seed 
opening, in the absolute absenee o f nucléation above the oxide throughout the entire growth 
process. Finding the optimal growth conditions for such selective epitaxy and the needed 
gate composition for sustained structural integrity are therefore paramount. Proeess 
development started with numerous ELO-Si growth experiments to investigate the quality o f 
the grown Si as well as that o f the gate. Top-down and cross-seetion SEM, optieal imaging, 
and transmission eleetron mieroscopy (TEM) are used to visually inspect the different areas 
o f the grown wafers.
The first ehallenge is to find the optimal thickness and eomposition for the gate 
dieleetric so its final thickness is between 6 and 12 nm and its structural integrity, at a 
minimum, is not compromised during the epitaxy groAvth process. Gate thiekness control is 
more o f a challenge for the ELO-Si process because it involves two additional etch steps 
eompared to the poly-Si process. First, immediately before epitaxy growth begins, all native 
oxide in the seed window must be removed to expose the Si seed. This oxide etch, at the 
same time, attacks the gate dieleetric. Second, hydrogen chloride used during the epitaxy 
growth proeess also chemieally attaeks the gate. Note that the gate is exposed to this etching
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until the crystalline Si originating from the seed grows above and covers it. The gate further 
away from the seed will therefore experience more etching. To ensure that the gate is 
resistant to this hydrogen chloride etch, its composition is optimized such that it is actually a 
multi-layer stack of SiO] and 813^ 4.
To evaluate the selectivity of the growth process and structural integrity of the gate 
dielectric, areas of the Si testchip are covered with the gate dielectric with no seed opening. 
For an optimized process, an inspection of these areas should reveal a clean surface with no 
Si growth. Figure 7-20 are optical microscope images of an early sample showing Si nodular 
defects above the gate. Their presence is a sign that gate integrity was compromised, and 
their varying sizes could indicate that defect formation started at different times. Based on 
the defect density and the size of the modulators, one can estimate the likelihood any 
modulator could be impacted. For the sample shown in Figure 7-20, 5% of the devices could 
to be defective. As a result, additional experiments were carried out to improve the gate 
dielectric material stack.
Different size 
defects
*ELO nodular defect
Figure 7-20: Optical images showing Si nodular defects above the gate dielectric 
after epitaxy growth. Their presence is indicative of compromised gate integrity. 
The two images are different magnification photographs of the same sample.
The second challenge is to ensure that the grown ELO-Si is of high quality both in 
terms of crystalline structure and material coverage. High resolution TEM shows that the
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grown Si is indeed single crystalline with no visible lattice defects even above the gate 
dielectric. The issue, however, is that severe voiding is observed wherever two ELO-Si 
growth fronts meet or wherever a single front encounters a vertical step, see Figure 7-21(a). 
Voiding occurs, as Figure 7-21(b) shows, because the facets of the growth fronts have a 
retrograde slope.
Si growth fronts
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ELO-Si voids
Figure 7-21: (a) Top-down optical image of a device showing the voids that are 
formed when two ELO-Si growth fronts meet, b) Cross-section SEM image showing 
the retrograde slope on the ELO-Si growth fronts.
Facets of the grown ELO-Si are the crystal planes that minimize surface energy. 
Which facets form are a function of the interfacial energy of ELO-Si and substrate (oxide or 
Si), surface energy of ELO-Si and atmosphere (process dependent), and orientation o f seed 
window with respect to the substrate. Experiments were conducted where all the parameters 
listed above are varied. It turns out that the orientation o f the seed window is the primary 
factor governing the shape o f the growth facet. Because all SOI start wafers used for the 
project have the wafer flat running along the <110> crystal direction, all waveguides are laid 
out along the <110> direction. All such devices have ELO-Si growth facets with the 
undesirable retrograde slope and thus voiding. For devices that are laid out along the <100> 
direction, at a 45° angle from the wafer flat, voiding is largely eliminated, as shown in Figure
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7-22(a). The reason, as Figure 7-22(b) shows, is because the facets o f the growth fronts now 
have a vertical slope. To minimize possibility of voiding, all ELO-Si based MOS-capacitor 
modulators are laid out along the <100> crystal direction; they also have only one seed per 
device so voids that can potentially form at the interface between ELO-Si and the vertical 
oxide step (see Figure 5-8(d), page 86) is far away from the modulator waveguide rib.
i  No ELO-Si voids
(a)
ELO-Si growth fronts
(b)
Figure 7-22: (a) Top-down optical image of a device laid out along the <100> 
crystal direction. It shows the absence of any visible voids, b) Cross-section SEM 
image also of a <100> device; note the vertical slope on the ELO-Si growth fronts.
Once high quality ELO-Si has been grown on the intended areas of the wafer, it has to 
be planarized to the desired thickness for waveguide formation. Because a large amount of 
ELO-Si has to be grown, it creates large topography on the wafer, making the CMP process 
very challenging in terms of both thickness and uniformity control. In addition, the Si etch 
that immediately follows to define the waveguide rib encountered difficulties not seen 
previously with the fabrication of the poly-Si based modulators. For the fabrication of those 
devices, a Si etch process that is very selective to SiO] is used. It etches the poly-Si and stops 
cleanly on the gate oxide. The same etch was used for the ELO-Si devices, but the presence 
o f the seed window complicates matters. To ensure that all ELO-Si on the waveguide slab is 
removed so there is no possibility of electrical shorting between the p-type ELO-Si and the n-
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type SOI Si, a Si overetch has to be used. This overetch stops above the gate dielectric, but at 
the seed window where the gate has been removed, it etches into the SOI-Si, as shown in 
Figure 7-23. This additional etching is undesirable because it can result in additional lateral 
confinement of the optical mode, leading to multi-mode behaviour. The alternative is to use 
a non-selective Si etch process so both the ELO-Si and the gate dielectric are removed at the 
same rate. An overetch is still needed to ensure complete removal of ELO-Si in the 
waveguide slab. This process, as a result, dictates that the gate is above the top surface o f the 
slab, inside the waveguide rib.
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Figure 7-23: Cross-section SEM images show that a selective Si rib etch process 
results in undesirable etching of the Si slab at the ELO-Si seed opening.
Overall, the fabrication flow for the ELO-Si modulator has several additional sources 
of process variability compared to that for the poly-Si devices. Here the rib height is affected 
by two process steps and their individual tolerances: the ELO-Si CMP and the Si rib etch. 
The slab height is determined by three process steps and is affected by their tolerances: the 
thermal oxidation to target the original SOI Si thickness, the ELO-Si CMP, and the Si rib 
etch. An analysis that takes into account all the sources of process variation shows that the 
rib height can vary as much as 0.3 pm and phase efficiency can vary by 25%. Despite all 
these processing challenges, the ELO-Si approach is explored because it promises much
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lower optical loss compared to poly-Si and offers a good path for demonstrating high speed 
performance.
7.2.2 Early device performance
The first set of ELO-Si based MOS capacitor modulators yielded poor performance. 
There were two problems. First, while the waveguides were designed to have 1.6 pm rib 
width, 0.7 pm rib height, and 0.9 pm slab height for single-mode operation, they were mis- 
processed with wider rib width and deeper rib etch. As a result, these devices can 
theoretically support two TE modes. Figure 7-24 is an image o f the waveguide output 
collected using an IR camera; it clearly shows the presence of the first order mode with its 
signature appearance of two bright lobes. The strange thing was that regardless of how the 
input fibre-to-waveguide coupling is varied, the waveguide output does not show the 
appearance of a single bright spot typical of the fundamental mode. In other words, it seemed 
that one cannot excite the fundamental mode. Also, the MZI output spectrum yields >20 dB 
ER and is free of spectral noise, both indicative of SM operation.
Figure 7-24: IR camera image of the ELO-Si waveguide output. The presence of 
two bright lobes is indicative of the first order mode.
The second unexpected finding is that the transmission loss of the phase shifters is 
high, measured to be >20 dB/cm. Investigation shows that the likely cause of this problem is
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insufficient masking or protection of the waveguide rib during the p^^ dopant implantation, 
which is a part o f the poly-Si wing contact formation (see Figure 5-8(h), page 86). A 0.2 p,m 
SiO] layer was used to protect the rib region during this implant step, but it is too thin to 
completely block the dopants from reaching the Si underneath.
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Figure 7-25: Projected range for boron, phosphorus, and arsenic implanted into Si 
and SiOi. Note that the 45 keV implant energy used for boron puts the range at 
~0.15 pm for SiOi [87].
As Figure 7-25 shows, the 45 keV used for this boron implantation has a projected 
range of approximately 0.15 pm inside the SiO] mask [87]. It is not difficult to imagine the 
tail o f the dopant profile extending into the Si waveguide rib. While the standard deviation of 
the projected range or straggle of this boron implant is only -0.05 pm, the peak coneentration 
is designed to be 2x10^° cm" ,^ which has an associated free-carrier absorption loss in excess 
of 7000 dB/cm. So, even a small percentage of dopants implanted into a very shallow region 
of the Si rib ean result in high waveguide loss. This same dopant penetration problem is 
believed to be the cause for why the fundamental waveguide mode cannot be experimentally
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observed. Figure 7-26(a) show the modelled mode profiles for the fundamental and first 
order TE modes of the waveguide, and Figure 7-26(b) is a comparison of the two modes’ 
optical field along the horizontal line-cut at y=2.0, which is 0.1 pm from the top of the rib. 
These simulations results show that the fundamental mode has 3-times higher field there. 
Because o f this stronger interaction with the penetrated dopants, the fundamental mode has 
higher optical loss and is therefore more difficult to detect.
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Figure 7-26; (a) FIMMWAVE profiles for fundamental and first order TE modes, 
(b) Horizontal line-cuts of the mode profiles in (a) for y=2.0, which is 0.1 pm from 
the top surface of the rib waveguide.
Measurement shows that the phase efficiency of the device is 11.5 V-cm. Modelling 
calculates 3.5 V-cm for the fundamental TE mode and 13.5 V-cm for the first order mode. 
This is further confirmation that the measured mode is largely the higher order mode. 
Despite the measured low phase efficiency, the mere observation of phase is a positive 
indication that the gate dielectric maintained structural integrity not only during ELO-Si 
growth but also during operation, under several volts of applied bias.
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7.2.3 Improved device performance
The process issues that plagued the first ELO-Si device were corrected for the second 
set of experiments. While the waveguide dimensions are not exactly as designed, they are 
close: 1.6 pm rib width, 0.65 pm rib height, and 0.9 pm slab height. The rib width is 
measured at the mid-point of the rib, and because the sidewalls of the waveguide rib are not 
vertical, the gate dielectric width is 1.9 pm. Compared to the Design E modulator, which 
was used for high speed demonstrations, all waveguide dimensions here are smaller.
Poly-Si 
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ELO-Si
Rib width(pm) 2.5 1.6
Rib height (pm) 0.9 0.65
Slab height (pm) 1.4 0.9
Light in poly/ELO (%) 9 10
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Figure 7-27: (a) Table comparing the physical and performance characteristics of 
the ELO-Si modulator and poly-Si based Design E device, (b) Vertical line-cuts of 
their modelled mode profiles. The optical field intensity at the gate is higher for the 
former which allows the accumulated charges to more strongly influence neff.
A comparison of the physical attributes o f the two devices is given in Figure 7-27(a). 
The smaller geometry of the ELO-Si waveguide ensures tighter confinement of the optical 
mode and stronger interaction with the charges. This effect is illustrated in Figure 7-27(b), 
which compares line-cuts (in the y-direction) of modelled mode profiles of the two devices. 
Note that the ELO-Si modulator has significantly stronger optical field in the vicinity o f the 
gate where the charges accumulate. This is achieved while keeping the amount of light inside 
the rib to be -10%  (as modelled) for both designs. The gate dielectric for the ELO-Si phase
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shifter is slightly thinner, 10.5 nm as opposed to 12 nm. So, more charges can accumulate for 
a given applied voltage. Its measured phase efficiency is 3.3 V-cm, in good agreement with 
the modelled value of 3.7 V-cm. The poly-Si based Design E device has a product of
7.8 V-cm.
Another difference between the poly-Si modulator and the ELO-Si one is that the 
latter has much higher doping concentrations: 2x10^^ cm'^ for the n-type waveguide slab and 
1x10^^ cm"  ^ for the p-type rib. Doping levels are increased to target higher speed operation 
(>10 GHz), but they were not optimized for overall device performance. For instance, the 
ELO-Si modulator has a modelled speed of 20.2 GHz, but lowering the p-type doping 
concentration down to 6x10^^ /cm^ only reduces bandwidth by 4% to 19.4 GHz. The higher 
doping was used because there was a concern that ELO-Si crystalline quality is not perfect 
and could have <100% dopant activation. The measured total transmission loss of the ELO- 
Si phase shifter is 12.3 dB/cm, close to the modelled value of 11 dB/cm. If  poly-Si were used 
for the waveguide rib, calculation based on an extrapolation of the boron doped poly-Si loss 
data given in Figure 5-2 indicates that modulator loss can be as high as 19 dB/cm.
The MZI modulator has an overall length of 15 mm, which includes input and output 
waveguides, 3 dB splitters, and two arms of nominally equal length (13 mm). Each arm 
comprises a 3.45 mm long high-doping RF phase shifter for high speed modulation and a 
4.75 mm long lower-doped phase section to allow for voltage-controlled quadrature biasing. 
As discussed in Section 5.1.2 (page 83), the RF phase shifters are created using implantation 
to incorporate the needed high concentration doping for low device resistance. The rest of 
the MZI modulator, including the passive waveguides and low speed phase sections, has low 
concentration doping because both SOI-Si and ELO-Si are in-situ doped. These doping in 
the passive waveguide results in optical loss without any performance benefit, but the devices 
were fabricated this way to simplify device processing. These low-doped waveguide sections
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are measured to have 2.5 dB/cm transmission loss, which includes contributions from free 
carrier absorption as well as surface/sidewall scattering. The total insertion loss o f the MZI 
modulator is 19 dB: 10 dB of on-ehip loss and 9 dB of coupling loss. O f the 10 dB on-chip 
loss, 4.3 dB is ealeulated to be due to the high-speed (RF) sections, 2.9 dB can be attributed 
to the passive sections, and the remaining 2.8 dB is likely due to un-optimized design of the 
splitters and bends.
To understand the intrinsic bandwidth of the modulator, the Sn of 315 pm long RF 
phase shifter seetions is measured using a VNA. The resulting resistance and reactance are 
given in Figure 7-28. A simple LRC series circuit, as shown in Figure 4-7 on page 66, is 
used to model the deviee. The extracted R and C are 6.5 Q and 2.4 pF, respectively. The RC 
eutoff frequency, (27iRC)"\ is therefore in the range of 10 GHz.
C ~2.4pF 20 a
R - 6 .5 0  V
6 9 12
F re q u e n c y  (GHz)
Figure 7-28: Resistance and reactance of a 315 pm long ELO-Si phase-shift 
segment. The reactance is well modeled as a 2.4 pF capacitor, and the resistance is 
approximately 6.5 Q, giving an RC cutoff of 10.2 GHz.
To characterize data transmission performance, the MZI modulator is eo-packaged 
with the same custom-designed, low-impedanee driver used for the previous 2.5 and 4 Gb/s 
demonstrations. A detailed discussion of the driver operation and driver-to-modulator 
interface is given in Section 6.3.4 (page 113). An AC voltage swing of 1.4V is applied to the 
ELO-Si rib of the RF phase shifters. This voltage swing should yield 0.15 Ti-radian phase
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shift in each MZI arm (1.4 V x 0.345 cm / 3.3 V.cm), enough to give a modulation ER of 4.2 
dB. Figure 7-29(a) shows the measured eye diagram of the device at Z = 1.55 jum. The data 
is generated using a 6 Gb/s [2^^-l] pseudorandom bit sequence (PRBS) source and collected 
using a digital communications analyzer (DCA). The eye diagram shows 4.5 dB ER and 57 
ps RT. These performance characteristics represent a significant improvement over the 1.3 
dB ER and 4 Gb/s data transmission demonstrated using the poly-Si based modulators. 
According to Equation 45 (page 63), the measured RT of 57 ps translates to a bandwidth of 
<6 GHz, which is significantly lower than the 10 GHz intrinsic bandwidth (RC cutoff) of the 
modulator itself. Analysis reveals two causes for the lower than expected bandwidth limit. 
First, the wirebond inductance (estimated to be 0.7 nH) chokes the high-frequency 
components of the capacitor charge/discharge current pulses (EC cutoff frequency is -3.9 
GHz). Second, the driver circuitry has a limited slew rate and was, in fact, expected to 
deliver only 8 Gb/s performance under nominal operating conditions. To test this assertion 
that the bandwidth limitation is extrinsic to the modulator, a device with higher doping 
concentrations (20% higher intrinsic bandwidth) is measured, and it gives identical rise and 
fall times as those of Figure 7-29(a).
Figure 7-29: Optical eye diagrams of ELO-Si modulator co-packaged with driver; 
both eye diagrams have the same vertical and horizontal scales, (a) 6 Gb/s: ER, RT, 
and FT are 4.5 dB, 57 ps, and 54 ps, respectively, (b) 10 Gb/s: ER, RT, and FT are 
3.8 dB, 55 ps, and 56 ps, respectively. Measured modulation speed is limited by 
electrical packaging and driver capability.
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The new modulator is also tested with 10 Gb/s PRBS input, and a representative eye 
diagram is given in Figure 7-29(b). The eye is open and only slight degradation in ER is 
observed compared to the 6 Gb/s eye - 3.8 dB ER compared to 4.5 dB ER. It is encouraging 
to note that the edge rates and jitter only change gradually as data rate is increased, which 
suggest that electronic equalization could be used in the receiver to improve eye margin at 10 
Gb/s.
Although this modulator, with its intrinsic bandwidth of 10 GHz, is capable of 
transmitting data at rates greater than 10 Gb/s, experimental demonstration o f such high 
speeds was not possible due to driver and package limitations. The main challenge for the 
driver design is the high capacitance (7.6 pF/mm) o f the modulator, which requires low 
impedance drive circuitry and electrical package to minimize RF reflections. For a lumped 
element drive scheme, the length o f each phase shifter segment has to be very short because 
its capacitance, together with the driver impedance, critically determines RC and therefore 
the achievable bandwidth. Furthermore, high speed demonstration requires adequate phase 
delay between the drive signals applied to successive phase segments to ensure that the 
travelling optical wave always sees the same electrical signal. The needed low-impedance, 
distributed lumped drive circuitry is complex to implement, which is why even the custom- 
designed driver and package do not fully meet the bandwidth requirements for 10 Gb/s 
transmission.
An alternative approach is to use a travelling-wave electrode (transmission line) 
design, which is commonly found in 10-40 Gb/s electro-optic modulators based on lithium 
niobate and 111-V semiconductors [74,80,88,89]. This approach not only addresses the RC 
speed limitation o f lumped devices but also significantly reduces the frequency dependence 
of the modulator’s power dissipation. For the MOS capacitor based devices, however, their 
high capacitance makes matching the RF phase velocity and optical group velocity more
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challenging for high speed operation. For instance, consider the fundamental equation for the 
transmission line wave propagation velocity Vp.
where L and C are the inductance and capacitance per unit length of the electrode. For the
demonstrated MOS capacitor phase shifter, these values are approximately 1.0 nH/mm and
7.6 pF/mm, respectively, to give Vp = 1.15 x 10  ^m/s. It is ~7X slower than the Si waveguide
optical phase velocity of approximately 8.1 x 10  ^m/s.
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CHAPTER 8. 
EXPERIMENTAL RESULTS: p-n DIODES
While the p-n diode modulator is also based on the free carrier plasma dispersion effect, its 
device structure and operation are fundamentally different from those o f the MOS-capacitor 
modulator. Also, its waveguide cross-section is much smaller with -0 .6  jam width and 0.5 
|am height. Because this is the first time sub-micron waveguide dimensions are explored for 
the project, experiments are conducted before fabricating fully functioning modulators to 
understand and improve passive device performance such as transmission loss, MZI loss, and 
MZI ER. After this, dopants are incorporated to form the p-n diodes; here experiments are 
also conducted to vary the doping concentrations and profiles to improve phase efficiency. 
High speed testing then follows to evaluate device bandwidth and data transmission 
performance.
8.01 Passive Device Performance
To understand passive waveguide transmission loss and modal behaviour, an 
experiment is conducted to evaluate different rib heights: 0.2, 0.22, and 0.25 ^m. 
FIMMWAVE simulations show that for the targeted 0.6 |am rib width and 0.5 |Lim waveguide 
height, all three rib heights should yield single mode operation. Of particular concern when 
working with these small dimensions is high scattering loss that could result from rough
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waveguide surfaces and sidewalls. As a result, most wafers are subjected to a smoothing 
process where thermal oxidation is used to reduce roughness [81].
Transmission loss is determined by measuring S-bend waveguides and using the 
cutback method, as described in Section 6.2.1 (page 101). Figure 8- 1(a) is data comparing 
loss of 0.25 pm height rib waveguides with and without oxide smoothing. While the average 
loss values show that oxide smoothing improves transmission by 0.5 dB/cm from 2.6 to 2.1 
dB/cm, data has die-to-die variability that is on the same order. Even though it is not 
conclusive that oxide smoothing improves transmission, a decision is made to include this 
smoothing process in the fabrication flow because there is no obvious drawback. Figure 
8- 1(b) compares the transmission losses of waveguides with different rib heights, all with 
oxide smoothing. It clearly shows a reduction in loss with shallower rib from 2.1 dB/cm for 
0.25 pm to 1.2 dB/cm for 0.2 pm. This is expected because as the rib height decreases, the 
optical mode becomes less confined in the lateral direction and moves more into the slab, 
thereby decreasing its interaction with the rib sidewalls.
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Figure 8-1: Optical transmission loss for (a) 0.25 pm height rib waveguides with and 
without roughness smoothing, (b) waveguides with different rib heights, all with 
smoothing.
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While shallower ribs have lower transmission loss, they have two drawbacks. First, 
device phase efficiency could be worse because the optical mode is less confined. Second, 
capacitance due to the wing-oxide-slab material stack is higher because the oxide thickness, 
which is equivalent to the rib height, is thinner. On the other hand, deeper ribs have their 
own disadvantages. In addition to higher optical loss, they are closer to the multi-mode 
condition and are at higher risk of it because of process variations. Another subtle problem is 
that as the rib height increases, the slab thickness decreases, which will result in higher 
resistance and lower speed for the same device doping.
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Figure 8-2: Transmission spectra of asymmetric MZIs with rib heights of a) 0.25 pm 
and b) 0.2 pm. Most of the devices show 15 dB ER and 1 dB excess loss relative to 
straight waveguides. The deeper rib gives spectra with more spectral noise, a 
possible indication of multi-mode transmission.
To help target the rib height, MZI performance is also studied. Figure 8-2(a) shows 
the transmission spectra of asymmetric MZIs with 0.25 pm rib height and 7 pm wide MMI 
couplers with different lengths (52 to 57 pm). Also shown is the spectrum of a reference 
straight waveguide. With the possible exception of the device with 57 pm MMI length, all 
others show ~1 dB excess loss relative to the straight waveguide. This large performance 
tolerance to design is characteristic of MMI couplers and is predicted by simulation. Note
159
that all devices have ~ 15 dB ER and the designed 31 nm FSR. Figure 8-2(b) shows a similar 
set of spectra for devices with 0.2 pm rib height. With the possible exception of the device 
with 52 pm MMI length, all others again show -1 dB excess loss. All speetra have -  30 nm 
FSR and -  15 dB FR. A key difference between the two sets of spectra is that the one for the 
deeper rib exhibits more spectral features or noise, a possible sign of mode beating in a multi- 
mode deviee. For deviees with the shallower rib of 0.2 pm, the speetra are mueh cleaner.
Given that devices with 0.2 pm rib height appear single-mode, it is surprising that 
their transmission spectra show only 15 dB FR. Greater than 20 dB, like those measured for 
the MOS-capacitor devices (see Figure 7-12, page 132), is expected. There are two possible 
reasons for this poor performance, one is unbalanced splitting of the optieal power at the 
MMI eoupler, and the other is different transmission losses of the two MZI arms. An 
inspeetion of the testchip layout revealed a problem in the waveguide bend that has been 
inserted into the device to create the AL for the asymmetric MZI, see Figure 8-3. In the 
layout process, curves are discretized or ereated by pieeing together very short segments of 
straight lines. The segments used for this AL region are by mistake made very long. So, 
instead o f the desired smooth eurve, it is jagged, which can translate to waveguide sidewall 
roughness and higher transmission loss. To investigate this issue experimentally, asymmetrie 
MZIs with 0.2 pm rib height are diced through the eentre, as shown schematically in Figure 
8-3, to gain access to the two arms for loss measurement.
cut line
Figure 8-3; Top-down schematic of the asymmetric MZI. A curved waveguide 
section (shown in orange) is inserted into one of the arms to create the asymmetric 
design. To investigate the cause of the poor FR, the MZI is diced through the centre 
so optical power of the two arms can be measured.
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Both left and right halves of the diced devices are tested by coupling light into the 
single waveguide side. The two optical outputs after the 1x2 MMI coupler are measured one 
at a time. Figure 8-4(a) shows data collected for the left halves of the MZIs where the two 
output waveguides are identical. The measured power for the two outputs are close to being 
equal for all MMI lengths, indicating close to 50-50 splitting of the input light as designed. 
Figure 8-4(b) shows data collected for the right halves of the MZIs. For all MMI lengths, the 
arm with the AL has almost 3 dB higher loss than the other arm. Because MMI splitting is 
close to 50-50 and this Æ  (< 20 pm long) should contribute no more than 0.003 dB assuming 
a transmission loss o f 1.2 dB/cm, the excess loss of 3 dB is due to the layout issue discussed 
above.
MZI splitting  (balanced  arm s) MZI splitting (u n b a lan ced  a rm s)
12
10  -
r  8
1 e
2
w 4 i
I Out-A 
I Out-B 
■Total
20 
+ 18 
16
14 I  
» !
4
2
0
57 55.5 54.5 52 57 55.5 54.5 53.5 52 
MZI length  (um)
(a)
55.5 54.5
MZI leng th  (um)
(b)
Figure 8-4: Measurement data from the diced MZIs. a) Left halves of the devices 
with identical output waveguides show similar output powers from the two arms, b) 
Right halves of the devices with AL inside one of the two output waveguides show an 
extra 3 dB loss associated with this AL.
After the layout problem is fixed, additional wafers are processed to confirm the 
expected improvement in ER. For this new experiment and subsequent device runs, a rib 
height of 0.22 pm is selected as a good compromise among all the performance parameters of
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transmission loss, modal behaviour, mode-charge overlap, capacitance, and resistanee. 
Figure 8-5 shows the transmission spectra of asymmetric MZIs with 0.22 pm rib height after 
repairing the layout problem. The ER is > 20 dB, and the spectra are free of spectral noise, 
indicative of single mode operation. Also note that the excess loss relative to straight 
waveguides has improved to less than 0.5 dB.
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Figure 8-5: Transmission spectra of asymmetric MZIs with 0.22 pm rib height after 
fixing the layout problem. ER is > 20 dB and excess loss is < 0.5 dB.
8.02 Phase Shifter Loss
Detailed experiments are run to quantify the different sources of phase shifter optical 
loss, which include the n-type and p-type doping for diode formation, n ^  and p"^  ^ doping to 
enable Ohmic contact with metal, and Si wing and metal to create the contacts. Wafers are 
run according to the proeess flow and are pulled at different points during the proeess for 
testing, p^  ^ doping and metal are placed at least 1 pm away from the waveguide rib and are 
experimentally confirmed to be far enough away to not contribute measureable loss. This is 
not the ease for the other sources of loss listed above, which are discussed below.
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The thin Si wing layer on top o f the rib waveguide for n-contact formation is grown 
using a non-selective epitaxial process. It is single crystalline Si directly above the rib and 
poIy-Si above the oxide next to the rib. For high speed performance, the electrical resistance 
of this entire wing has to be low. The targeted n-type carrier concentration is IxIO^^ cm'^. 
Based on the poIy-Si work conducted previously (see Section 5.1.1, page 76), dopant 
activation in the poIy-Si region of the wing is expected to be much worse than that in the 
single crystalline Si region. Because the same phosphorus implant step is used to 
simultaneously dope the wing and form the n-region o f the p-n diode, it has to use a relatively 
high implant dose to compensate for low dopant activation in the poIy-Si region. Two 
phosphorus doses are tested to target the desired IxIO^^ cm'^ carrier concentration: 3x10^^ 
cm"  ^assuming 50% activation and 5x10^^ cm’^  assuming 30% activation. To target 1.5x10*^ 
cm'^ p-type carrier concentration, two boron doses, IxIO^^ and 1.2x 10^^  cm '^ are studied.
Figure 8-6 is a summary o f measured transmission losses associated with these four 
doping conditions. It shows that transmission loss due to the phosphorus implant is 6.4 
dB/cm for the higher dose and 3 dB/cm for the lower dose. Loss due to the boron implant is
3.7 dB/cm for the higher dose and 2.3 dB/cm for the lower dose. This data is in-line with 
FIMMWAVE modelled results, calculated based on free carrier absorption and expected 
doping profiles from FLOOPS. For active device fabrication, the higher phosphorus and 
boron doses are chosen to minimize risk of poor speed performance.
Also shown in Figure 8-6 is the transmission loss associated with the Si wing. It is 
determined by comparing losses o f waveguides with and without the wing on a wafer that has 
gone through the entire fabrication flow. These devices that are tested, however, are masked 
or protected during all the implant steps, so they should be devoid of any dopants. The goal 
of this measurement is to assess the material quality o f the Si wing and to quantify how much 
loss, if  any, it adds. Note that the measured loss is 3.5 dB/cm. It is much higher than
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expected given that the Si grown above the rib should be single crystalline and its overlap 
with the mode is small. To understand the source o f this loss, SIMS analysis is done, and it 
finds phosphorus in the wing with a sharp concentration gradient that drops from lxIO^° em'^ 
at the surface to 1 x 1 em'^ 60 nm into the film. Optical modelling using FIMMWAVE 
shows that this doping accounts for all of the measured 3.5 dB/em loss. The presence of this 
doping is unexpected and is likely the result o f unplanned dopant penetration during the n"^  ^
implant, where the photoresist and SiO] mask are not thick enough to protect the waveguide. 
Devices without the wing do not experience this dopant penetration because they are 
protected by an additional 0.1 pm of Si02. Unfortunately, this process issue was discovered 
after the device wafers have passed the n"^ implantation step, so they do suffer from this extra
3.5 dB/em of optical loss.
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Figure 8-6: Summary of optical transmission losses due to different n- and p- doping 
conditions. Also shown is loss associated with the addition of the Si wing.
To quantify loss due to n^ "^  doping, an experiment is run where the distance between 
n^^ and the rib edge is varied from 0.5 to 0.2 pm. Figure 8-7 is a summary of the results. 
Note that all splits yield measurable loss that, as expected, increases with decreasing doping- 
rib separation. The change in loss is relatively gradual from 0.7 dB/em for 0.5 pm separation
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to 6.3 dB/cm for 0.3 pm separation; however, it increases dramatically to -30  dB/em for the 
smallest separation of 0.2 pm. The fact that loss is detected for separations greater than 0.3 
pm is a clear indication that the n^  ^dopants diffused laterally inside the wing towards the rib. 
This likely took place during the rapid thermal anneal for dopant activation. It is not 
surprising that this diffusion occurred because the wing away from the rib region is poly- 
erystalline and phosphorus diffusion is known to be significantly enhanced by the presence of 
the grain boundaries [77]. For active device fabrication, both 0.3 and 0.4 pm rib-to-n^ 
separations are used as process splits to ensure high speed performance despite the excess 
transmission loss.
40
30
-J 2 0
I^ 10
■  Ave
□  A
□  B
□  C
□  D
0.2 0.7 ih f i I I
0.6 0.5 0.4 0.3
N++ p o sitio n  to  rib (um )
29,4
0.2
Figure 8-7: Optical transmission loss due to n^  ^dopants. As expected, loss increases 
as separation between doping and rib decreases.
In summary, the p-n diode modulators are based on waveguides with 0.6 pm width, 
0.5 pm height, and 0.22 pm rib height. A 0.1 pm thick Si wing layer is grown on top for n- 
contact formation. Active devices are fabricated using 5x10'^ cm'^ phosphorus dose and 
1.2x10^^ cm'^ boron dose for junction formation. As for the placement of the n^  ^ doping for 
n-eontaet, both 0.3 pm and 0.4 pm separations from the edge of the waveguide rib are used as 
process splits. Figure 8-8 is a summary of measured passive waveguide and phase shifter
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losses from several device wafers. Given in the figure for comparison are expected loss 
values calculated based on the loss contributors discussed above. While there is wafer-to- 
wafer variations, the measured losses are in fair agreement with expectation. For the fully 
functioning p-n diode phase shifters, losses are ~17 dB/cm for 0.4 jum n^ "^  placement and ~21 
dB/cm for 0.3 pm n^ .
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Figure 8-8: Summary of measured transmission losses of passive waveguide and 
phase shifters from fully active modulator wafers.
8.03 Phase Modulation Efficiency and Voltage Dependent Transmission
Using asymmetric MZIs with varying lengths of phase shifters, phase efficiency is 
determined by measuring the voltage-induced shift in the transmission spectrum, as described 
in Section 6.3.1 (page 107). Figure 8-9(a) shows measured phase shift as a function of 
applied DC voltage for 1, 3, and 5 mm long phase shifters with 0.3 pm rib-to-n^ separation. 
Also shown for comparison is the modelled phase-voltage behaviour for the 5 mm device. 
As expected, phase shift increases with both device length and applied voltage. The phase- 
voltage curves are not perfectly linear partly because the depletion width does not increase 
linearly with voltage, as indicated by Equation 72 (page 89). What is not expected is the
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obvious discrepancy between measured and modelled phase shift. Using the phase shift 
values at 4 V, efficiency is calculated to be ~ 4 V-em from the measured data and < 3 V-cm 
from the modelled results.
Figure 8-9(b) compares measured phase shift for 3 mm long devices with 0.3 pm and 
0.4 pm rib-to-n^ separations. There is no clear phase efficiency difference between these 
two splits, which is expected because these two contact doping locations are both far from the 
p-n junction. They should have little to no effect on the characteristics of the depletion 
region where most of the carrier concentration changes take place.
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Figure 8-9: Phase shift o f  p-n diode based modulators as a function o f  applied DC  
voltage for a) various device lengths and b) different rib-to-n^" separations. A s  
expected, phase shift increases with device length and voltage. N ote the discrepancy 
between measurement and modelling.
As for the discrepancy between the measured and modelled phase efficiency, the most 
likely cause is an unexpeeted shift of the p-n Junction location in the fabricated device 
relative to design. While there are metrology pads on the wafers for monitoring the doping 
profiles, the layer thicknesses of these pads are not true representations o f what are actually 
inside the devices. Furthermore, the SRP measurement used to determine the position o f the 
p-n junction is known to have relatively large measurement error related to its sample
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bevelling process [90]. Since it is difficult to accurately determine the p-n junction of 
fabricated devices, an experiment is conducted where a second, higher energy phosphorus 
implantation is used to shift the junction deeper inside the waveguide relative to the top of the 
rib. Figure 8-10(a) shows the modelled net doping profiles of two samples, one with and one 
without the second n implant. They are vertical line-cuts through the waveguides, where -0.6 
jL im  on the x-axis represents the top of the wing. Note the 0.05 pm shift in the junction 
location as a result of the additional doping. Figure 8- 10(b) shows the measured phase shift 
as a function of voltage for the two types of devices. No clear difference in efficiency is 
observed. Again using the phase shift values at 4 V, all measured devices yield efficiencies 
of ~ 4 V-cm. The likely reason for this lack of trend is that the 0.05 pm shift in the junction 
yields only small improvement in phase efficiency that is un-discernable given the relatively 
large measured device-to-device variation.
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Figure 8-10: To understand the impact of p-n junction location on phase efficiency, 
samples with and without a second phosphorus implantation are tested: a) the 
modelled net doping profiles and b) the measured phase shift.
Another important device parameter that is evaluated is the voltage dependent 
transmission (VDT) of the phase shifters. The optical output powers of multiple 3 mm and 5
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mm straight devices are measured as a function of applied DC voltage. They are plotted in 
Figure 8-11(a) as a function of the eorresponding measured phase shift. Note the relatively 
linear relationship between transmission power and phase. Also note that unlike the MOS- 
capacitor devices whose optical transmission decreases with phase, transmission here 
increases with phase. This makes physical sense because carrier depletion, instead o f carrier 
accumulation, is the mechanism for phase change. As more charges are depleted, free carrier 
absorption decreases, which translates to an increase in optical transmission. Figure 8-11(b) 
is a summary of the VDT results; they are the linear slopes of the set o f data given in Figure 
8-11(a). Note that VDT loss is 1.4 -  1.5 dB/ri and exhibits good device-to-device 
repeatability.
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8.04 High Speed Performance
To understand high speed performance, both electrical and optical properties o f the 
modulators are measured. The electrical properties of interest are
> RF transmission S21: from it, RF attenuation can be calculated and the maximum 
device bandwidth can be estimated as the frequency corresponding to 6-dB loss.
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> RF reflection Su: together with S21, it allows determination o f characteristic 
impedance. Device impedance critically determines the needed termination load 
impedance for low-reflection travelling-wave operation.
>  RF index: it needs to closely match the optical index for velocity matching of the 
electrical and optical waves.
While these electrical parameters are not the final measure of performance, they offer insight 
about the operation o f the modulator and potentially how performance can be improved. The 
optical properties of interest are the optical 3-dB bandwidth and transmission characteristics 
such as data rate, ER, and RT/FT. These parameters are the culmination o f the various 
device properties discussed thus far and are the ultimate measure of modulator high speed 
performance.
8.4.1 Electrical testing
To study the electrical properties discussed above, phase shifter S-parameters are 
measured using a 2-port VNA and high speed probes. Here the two ends of the phase shifter 
electrodes, input and output, are both 50 Q terminated. Figure 8-12(a) gives measured S21 
data for 1, 3, and 5 mm phase shifters with 0.3 pm rib-to-n^ separation. As expected, the 6- 
dB bandwidth drops with increasing device length: fi*om > 30 GHz for 1 mm to ~10 GHz for 
3 mm and ~3 GHz for 5 mm. Figure 8-12(b) is measured S21 data for multiple 1 mm phase 
shifters with 0.3 and 0.4 pm rib-to-n^ separation. The 0.4 pm devices have a larger 6-dB 
bandwidth compared to 0.3 pm; this is likely due to their corresponding differences in wing 
conductance. Note device-to-device variation is relatively large. For instance, devices with 
0.3 pm rib-to-n^ separation have 6-dB bandwidths that range from 31 GHz to ~ 40 GHz. 
This deviation could be the result of process variability, including possible registration error 
o f the n ^  lithography process.
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Figure 8-12: Measured S21 for phase shifters of a) different lengths and b) different 
rib-to-n^^ separation.
As Figure 8-12 shows, all devices have similar S21 frequency dependence in that there 
is a fast drop at low frequencies followed by a more gradual decrease over the high frequency 
range. For the 1 mm long devices, for example, 3-4 dB is lost within the first 10 GHz. This 
non-linear frequency dependence o f the S21 is largely due to impedance mismatch. From the 
measured S-parameters, the extracted characteristic impedance of the phase shifters is -20  Q 
and is relatively independent of frequency beyond 2 GHz. This is in good agreement with the
19.5 Q modelled using HFSS. As mentioned previously, the two ends of the phase shifter 
electrodes are 50 Q terminated for the S-parameter measurements, so there is large 
impedance mismatch of 50 Q - 20 Q - 50 Q. Figure 8-13 shows the measured S21 for a 1 mm 
long device with 0.3 qm rib-to-n^ separation. Using this data, different termination 
scenarios are modelled: a perfectly matched case of 20 Q - 20 Q - 20 Q and two other cases 
assuming input termination of 50 Q and output termination closely matched to the phase 
shifter characteristic impedance of 20 Q. These simulation results are included in Figure 
8-13 for comparison. An input impedance of 50 Q is studied because the available 
commercial driver for high speed optical testing is 50 Q. Note that the non-linear frequency
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dependence of the measured S21 is largely eliminated for all simulated cases and the 6-dB 
bandwidths are -40 GHz.
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Figure 8-13: Measured and modelled S21 of a 1 mm long phase shifter for different 
termination scenarios. Note that the non-linear dependence of the measured S21 is 
largely due to the impedance mismatch at the device output.
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Figure 8-14: Measured (extracted from S-parameters) and modelled RF index and 
attenuation factor for a 1 mm long p-n diode phase shifter.
The RF index and attenuation factor can be obtained from the measured S-parameters. 
They can then be used to predict the small signal modulation optical response of the
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travelling wave modulator, as shown in Equation 68 on page 70. Data for a 1 mm long phase 
shifter with 0.3 pm rib-to-n^ separation is given in Figure 8-14 together with the modelled 
values. The RF index approaches 4.6 at 30 GHz, slightly higher than the predicted value of 
4.4 and higher than the calculated optical group index o f 3.67. RF attenuation is quite high; it 
measures 4.6 dB/mm at 30 GHz, roughly 1 dB/mm higher than the modelled value. 
Nevertheless, this combination o f index mismatch and RF loss should still yield optical 
bandwidth o f -40  GHz.
8.4.2 Optical testing
To characterize the modulators’ optical response at high speeds, asymmetric MZIs 
with 1 and 3 mm phase shifters are flip-chip bonded to PCBs as illustrated in Figure 5-12 on 
page 93. The two ends o f the travelling wave electrodes are electrically connected to low- 
loss RF connectors through the flip-chip bonds and PCB traces. The S-parameters o f these 
packaged devices are measured. S21 data for the two 1 mm phase shifters o f an MZI 
modulator is given in Figure 8-15(a). These devices are tested at both 0 V and 3 V reverse 
bias. The slight change in S21 with applied DC voltage is expected because with reverse bias, 
the depletion width widens and device capacitance decreases, which ultimately results in a 
drop in RF loss. Nevertheless, the 6-dB roll-off frequencies for both bias conditions are < 10 
GHz. To characterize the packaged modulator optically, the AC drive signal is amplified 
using a commercially available 50 Q modulator driver and is combined with a 3 V DC bias. 
This combined signal is supplied to the input connector on the PCB, and a 50 Q coaxial 
termination is attached to the output connector. The resulting frequency-dependent 
modulator optical amplitude is given in Figure 8-15(b). This optical data is the normalized 
response o f the modulator, obtained by dividing the measured optical signal by the 
corresponding input electrical drive for all frequencies. It shows a 3-dB optical bandwidth o f
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9 GHz, in good agreement with the electrical measurement results. Packaged modulators 
with 3 mm phase shifters are also tested. The agreement between electrical and optical data 
is also good; both yield device bandwidth of ~ 4 GHz.
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Figure 8-15: High speed response of a packaged modulator with 1 mm phase shifter 
in each MZI arm: a) Electrical S2, for both phase shifters at 0 and 3 V reverse bias, 
b) normalized optical response of the same modulator. Both electrical and optical 
measurements yield 9 GHz device bandwidth.
For modulators with 1 mm phase shifters, the measured 9 GHz optical bandwidth is 
significantly lower than the tens of GHz predicted by modelling and determined from 
measured S-parameters o f unpackaged devices. This limited bandwidth is largely the result 
of poor impedance matching, particularly that between the modulator’s 20 Q and the PCB 
and output termination of 50 Q. To improve speed performance, an experiment is conducted 
where the termination resistance is varied from 25 Q down to 14 Q. Several resistances are 
studied because it is not clear which one will yield the best performance given that there is 
also impedance mismatch on the input between the driver’s 50 Q and the modulator’s 20 Q. 
To achieve the targeted termination impedances, surfaee-mount resistors of different 
resistance values are bonded to the PCB traces to which the output ends of the travelling 
wave electrodes are electrically connected, as shown schematically in Figure 5-12 (page 93).
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In most cases, the PCB traces are cut close to the mounted resistors, so S21 cannot be re­
measured for these packaged parts.
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Figure 8-16: Normalized modulator optical amplitude as a function of frequency. 
Note the clear improvement in 3-dB bandwidth when termination resistance is 
lowered to better match the 20 Q. characteristic impedance of the modulator.
A clear improvement in performanee is observed as termination resistance is lowered. 
Figure 8-16 is normalized optical amplitude data versus frequeney for modulators with 
different termination resistanees. For modulators with 3 mm long phase shifters, 3-dB 
bandwidth improved from 4 GHz with 50 Q termination to > 10 GHz with 20 Q termination. 
For modulators with 1 mm long phase shifters, bandwidth improved from 9 GHz with 50 Q 
termination to > 20 GHz with 17 Q termination.
Note that the data in Figure 8-16 is relatively noisy. This is partly due to the 
temperature and frequency instability of the modulator driver used to amplify the AC input 
signal. Because some of this noise is random, it cannot be fully removed by normalizing the 
optical signal by the input electrical drive. Some o f the noise in the data is also due to RF 
heating, which is similar to that described in Section 7.1.5 (page 134). The amount o f heating
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varies with frequency and translates to a varied drift of the modulator quadrature. During 
testing, this effect is carefully monitored, and the input wavelength is adjusted to ensure all 
amplitude measurements are taken at modulator quadrature. Despite these efforts, additional 
measurement error is seen.
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Figure 8-17: Data transmission performance of an MZI modulator containing 1 mm 
long p-n diode phase shifters terminated with 17 Q resistors: 30 Gb/s eletrical drive 
signal (left) and the corresponding modulator optical response (right).
To understand the modulator’s data transmission performance, MZIs containing 1 mm 
long phase shifters with 0.3 pm rib-to-n"^ separation and 17 Q termination resistance are 
characterized. These modulators have a total length of 8 mm and an on-chip optical loss of 
-3.5 dB. They are tested single-ended using a 30 Gb/s PRBS drive signal that has been 
amplified to 7 Vpp with a modulator driver. Based on this electrical drive and the devices’ 
modulation efficiency of 4 V-cm, modulator ER is expected to be > 2 dB. The input 
electrical eye diagram and the corresponding modulator optical eye diagram are given in 
Figure 8-17. The optical eye is clearly open with 16 ps RT/FT and 1 dB ER. The lower than 
expected ER is the combined result of RF reflection loss at the driver-modulator interface 
(due to impedance mismatch) and RF loss along the length of the phase shifter. For this 
travelling wave modulator, electrical power consumption is calculated to be -1.2 W using the 
following expression
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where P is the electrical power, Vdc is the DC bias, and Z is the impedance of the modulator.
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Figure 8-18: High speed optical response of a modulator with 1 mm long phase 
shifters terminated with 14 Q resistance: a) normalized frequency-dependent optical 
amplitude showing 30 GHz 3-dB bandwidth and b) open optical eye diagram at 40 
Gb/s.
While the > 20 GHz optical bandwidth demonstrated with 17 Q modulator 
termination represents a big improvement over the 9 GHz measured for 50 Q termination, it 
is still significantly lower than the ~40 GHz determined from S-parameter measurements. In 
an effort to further improve speed performance, even lower termination resistances are used 
and tested. Figure 8-18(a) shows the normalized frequency-dependent optical response o f a 
modulator containing 1 mm long phase shifters with 0.3 pm rib-to-n^^ separation and 14 
Q termination resistance. It has ~3.5 dB of on-chip optical loss and shows a 3-dB bandwidth 
of 30 GHz. Note that the data here is less noisy than those shown in Figure 8-16. This is the 
result o f an improvement in the measurement setup where the modulator driver is removed 
and the signal amplitude of the input signal generator is increased to still induce enough 
optical response for accurate measurement. The data transmission capability of the same
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modulator is also tested, and the optical eye diagram at 40 Gb/s is given in Figure 8-18(b). 
The eye is clearly open with 15 ps RT, 14 ps FT, and 1.1 dB ER. The slight duty cycle 
distortion is the result of a problem with the PRBS source and is not related to the modulator.
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Figure 8-19: Normalized optical response of a modulator containing 1 mm long 
phase shifters, terminated with 15 Q on-chip resistors. It shows a 3-dB bandwidth of 
33 GHz.
The demonstration of 30 GHz bandwidth and 40 Gb/s data transmission is a key 
milestone for Si modulation. Its one drawback is that it is achieved using off-ehip 
termination resistors that are manually bonded to a PCB. With the major advantage of Si 
fabrication being integration, the natural next step for the project is to monolithically 
integrate the termination resistors on-chip, in the same process as the modulator. This is 
achieved by using TiN resistor, a common device fabricated in CMOS fabs, as shown in 
Figure 5-13 (page 94). To test modulators integrated with these termination resistors, high 
speed probes are used to supply the input drive signal, so no PCB packaging is necessary. 
Figure 8-19 shows the normalized frequency-dependent optical response of a modulator 
containing 1 mm long phase shifters, this time terminated with 15 Q on-chip resistors. It 
gives a 3-dB bandwidth of ~33 GHz, which is unprecedented for Si modulation.
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Nevertheless, it is still less than the ~40 GHz bandwidth calculated from S-parameter data. 
Part of this discrepancy could be related to device-to-device performance variations, as 
indicated by the set o f S21 data given in Figure 8-12 on page 171.
From the termination study described above, the highest modulation bandwidth is 
obtained with 14-15 Q termination even though the high-frequency characteristic impedance 
o f the modulator is 20 Q. The reason why optimal speed performance is obtained with a 
mismatched output impedance could be because there is an impedance mismatch on the input 
where a 50 Q driver is used. RF reflections resulting from the multiple mismatches (50 O 
driver -  20 Q phase shifter -  15 Q resistor) may serve as pre-emphasis o f the RF signal. It 
could in effect equalize the RF losses at high frequencies, leading to higher bandwidth 
performance.
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CHAPTER 9. 
SUMMARY and CONCLUSIONS
This thesis presents thé design, optimization, fabrication, and performance of three Si optical 
modulators that have all achieved unprecedented modulation bandwidths at the time of their 
experimental demonstration. All three devices utilize the free carrier plasma dispersion effect 
to obtain the needed refractive index change for optical phase modulation. An MZI structure 
is then used to convert this phase modulation into the desired intensity modulation. The first 
two modulators are based on the MOS-capacitor design. They are different from each other 
in that one uses poly-Si and the other uses ELO-Si as the p-type device region. The third 
modulator is based on a reverse biased p-n diode. The speed of these devices is determined 
by how fast free carriers can be injected or removed from the path of the optical mode. 
Because both the MOS capacitor and reverse-biased p-n diode designs rely on majority 
carrier dynamics that are inherently fast, these modulators have achieved bandwidths that 
were unprecedented for Si modulation.
The poly-Si MOS-capacitor modulator is the first type o f devices investigated. As 
such, a detailed experiment is condueted where a large number of device designs are 
fabricated and characterized to validate theoretical predictions and to improve performance 
such as phase efficiency and optical loss. This modulator has a MOS-capacitor embedded 
inside a rib waveguide, where an n-type doped crystalline Si slab (the Si layer of the SOI 
wafer) and a p-type doped poly-Si rib are separated by a thin gate oxide. To minimize optical 
loss due to contact doping and metal, a wide poly-Si layer known as the “wing” is deposited
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on top of the rib. The metal to contact the p-region o f the capacitor is placed on top o f this 
wing and the metal to contact the n-region is placed on top o f the slab, both are away from 
the waveguide centre. The device operates in accumulation mode, where a positive voltage 
above the flat-band voltage o f 1.25 V applied to the p-contact causes a thin charge layer to 
accumulate on both sides o f the gate oxide. This change in free-carrier density leads to a 
change in the effective refractive index o f the mode which in turn results in the desired 
optical phase shift.
The detailed study o f different device designs yielded results in agreement with 
physical understanding and offered insight for improving device performance. With regards 
to enhancing modulation efficiency, one way is to increase the overlap between the optical 
mpde and the charge carriers. This is experimentally verified when the reduction of 
waveguide dimensions and more central placement of the gate oxide inside the waveguide led 
to improved products. Another way to improve efficiency is to use thinner gate oxide, 
which has two benefits. First, it perturbs the optical mode less so there is better overlap with 
the charges. Second, it allows more charges to accumulate for a given applied voltage. The 
drawback, however, is that thinner gate means higher capacitance and therefore lower speed. 
The most efficient device from this study has 1.8 |am waveguide height, 1.65 pm rib width, 
and 6 nm gate oxide thickness. Its V„L;t product is 1.4 V-cm.
With regards to modulator optical loss, it is dominated by the transmission loss o f the 
doped poly-Si that forms the p-region of the MOS capacitor. Despite efforts to reduce this 
material loss, it is ~50 dB/cm for 5x10^^ cm'^ active doping concentration. The loss scenario 
worsens when one tries to improve device phase efficiency by reducing waveguide size and 
placing the gate oxide closer to the centre of the rib, because these design changes also 
increase the mode’s overlap with the lossy poly-Si. The end result is higher transmission loss 
per length. O f the different MOS capacitor designs studied, the device with the lowest
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transmission loss measures 9.6 dB/L^t. It has 2.3 pm waveguide height, 2.5 pm rib width, and 
12 nm gate oxide thickness.
For high speed demonstration, the above deviee with the lowest transmission loss per 
is used. While its phase efficiency o f 7.8 V-cm is not the best, its overall performance 
represents a good compromise between optical loss and phase efficiency. Testing shows that 
this device has a normalized optical 3-dB bandwidth o f -2.5 GHz and was the first Si 
modulator to break the GHz barrier [52]. To understand its data transmission capability, two 
driver circuits were constructed. First, a driver consisting o f commercially available 
components is used to test a modulator with a pair o f 1 cm long phase shifters. It succeeded 
in transmitting data at 1 Gb/s with -  5 dB ER. This data rate is limited by driver and package 
bandwidth constraints as well as the long length of the modulator. To improve performance, 
a custom-designed low impedance driver is built and used to test an MZI with a pair of 3.45 
mm long phase shifters. Driven in a push-pull configuration, this modulator achieved an 
open optical eye at 4 Gb/s and 1.3 dB ER. ER is reduced because the shorter device length 
leads to less phase shift.
From the study of poly-Si based MOS-capacitor modulators, it was evident that 
device optical loss is dominated by the lossy poly-Si. The situation further worsens when 
higher doping concentrations are incorporated to improve speed performance. To remove 
this key source of optical loss, low-loss ELO-Si is used to replace the poly-Si. While making 
this material change seems straightforward conceptually, it introduced several fabrication 
challenges that required significant process development.
First, during the ELO-Si epitaxy process, hydrogen chloride gas is flown in the 
growth chamber, and it causes undesirable etching of the gate oxide. This etching 
compromises the gate’s structural integrity, which can lead to poly-Si growth above the gate 
as well as device failure during operation. As a result, a new gate dielectric consisting of a
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multi-layer stack o f SiO] and SisN4 had to be developed to withstand this etch. The second 
development effort is related to the ELO-Si growth itself. Initial experiments found severe 
voiding in the Si wherever two ELO-Si growth fronts met or wherever a single front 
encountered a vertical step. This voiding is related to the shape o f the ELO-Si growth fronts, 
which have a retrograde slope. It is discovered after detailed experiments that by changing 
the orientation o f the seed window for Si growth, which in effect changes the crystallographic 
orientation o f the growth fronts, the retrograde slope is eliminated and void-free ELO-Si can 
be obtained. Another key process change that had to be implemented is the waveguide rib 
etch. Unlike the fabrication o f the poly-Si based MOS capacitor modulators, the rib etch for 
ELO-Si devices has to be a non-selective process that etches both the Si as well as the gate so 
the waveguide slab is flat regardless o f the location of the seed window. This etch is critical 
in that it has to remove all ELO-Si in the slab region so there is no possibility o f electrical 
shorting between the p- and n- regions o f the capacitor. At the same time, it can not be too 
deep to cause multi-mode transmission and reduced phase efficiency.
For device demonstration, a 1.6 pm x 1.6 pm waveguide cross-section is chosen for 
the ELO-Si based MOS capacitor modulator. With a 10.5 nm thick gate dielectric, this 
device has a phase efficiency o f 3.3 V-cm, which is > 2X better than the 7.8 V-cm for the 2.5 
GHz poly-Si modulator. To reduce device resistance for high speed performance, both p- and 
n-type carrier concentrations are significantly increased compared to those o f the poly-Si 
device. These improvements are obtained without compromising transmission loss, which is 
actually lower at 8.3 dB/L;t. This would not have been possible without the use o f ELO-Si.
Electrical testing of this modulator yields device RC that translates to an intrinsic 
bandwidth o f 10 GHz. To understand its data transmission performance, an MZI with a pair 
o f 3.45 mm long phase shifters is driven in push-pull configuration using the same custom 
designed low-impedance driver that was utilized for poly-Si modulator testing. An open
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optical eye diagram is obtained at 10 Gb/s with 3.8 dB ER [55]. At the time, this data rate 
was the fastest demonstrated by any Si modulator. In fact, this device is capable of even 
higher data rates, but experimental demonstration of better performance was limited by 
bandwidth constraints of the driver and package.
One key challenge for the high speed driver design and > 10  Gb/s data transmission is 
the high capacitance o f the modulator. To lower capacitance, a new device structure based 
on a reverse-biased p-n diode is investigated. Here the key contributor to capacitance is the 
depletion region of the diode junction, as opposed to the dielectric gate o f the MOS capacitor 
modulator. Because the depletion width is -10X  bigger than the gate thickness, device 
capacitance is ~10X less. A rib waveguide with 0.6 pm x 0.6 pm cross-section is used to 
create the diode. It has a horizontal junction where the waveguide slab and part o f the rib is 
doped p-type; the remaining top portion of the rib is doped n-type. In this manner, the p-n 
junction and built-in depletion region is slightly above the eentre o f the optical mode. This 
design is aimed at optimizing the phase efficiency because when a reverse-bias voltage is 
applied, the depletion region widens and sweeps across the mode centre, allowing for good 
charge-mode interaction. To electrically contact the n-type region without additional optical 
loss, a Si wing is grown on top o f the rib so the metal and contact doping are located close to 
the waveguide but do not overlap the mode.
Unlike the MOS eapacitor device whose phase-voltage relationship is linear, the 
phase of the p-n diode modulator is related to the depletion width change, which is 
proportional to the square root of the applied voltage. In this manner, phase efficiency varies 
depending on the operating voltage. Because a 7 Vpp AC signal is used for high speed data 
transmission measurements, an operating voltage of 4 Vdc is chosen to ensure that the entire 
AC swing is reverse biasing the modulator. At 4 V, measured phase efficiency is 4 V-cm.
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Phase shifter loss o f this p-n diode device is dominated by the n-doping. It measures -17  
dB/cm or 17 dB/L,t for an operating voltage o f 4 V.
Although the p-n diode modulator has fast intrinsic response and lower capacitance 
compared to the MOS capacitor device, the bandwidth limitations associated with its junction 
capacitance and metal contact parasitics still have to be overcome to experimentally 
demonstrate high frequency operation. To minimize this RC limitation, a travelling wave 
drive scheme is implemented where the electrode and optical waveguide are carefully 
designed so both electrical and optical signals co-propagate along the length o f the phase 
shifter with similar speeds, while, at the same time, the RF attenuation is kept to be as small 
as possible. To minimize RF reflections that will compromise signal integrity, the output end 
of the travelling wave electrode is terminated with either external or integrated resistors. 
High speed testing shows that this device has a modulation bandwidth o f 33 GHz. Using a 
commercially available driver, the data transmission capability o f an MZI with a pair o f I 
mm long phase shifters is studied. It demonstrates 40 Gb/s transmission with 1 dB ER. Such 
high speed operation is unprecedented in Si modulation, and it remains the fastest 
demonstrated Si modulator to date.
Table 9-1 summarizes and compares the device details and measured performance of 
the three modulators studied for this dissertation. Clearly, the biggest achievement is their 
dramatically higher device bandwidths and data transmission rates relative to those o f other 
Si modulators at the time. Nevertheless, performance parameters such as optical loss, ER, 
and power consumption must all be further improved for these modulators to be 
commercially viable. A discussion o f potential device optimizations will be presented in the 
next Chapter. It will be clear that dramatic improvements can be made to all o f these 
parameters.
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Poly-Si 
MOS Capacitor
ELO-Si 
MOS Capacitor
Reverse-bias 
p-n diode
Year of demonstration 2004 2005 2007
Significance GHz 
Si modulator
E' 10 Gb/s 
Si modulator
and only 40Gb/s 
Si modulator
Waveguide width x height 
(pm X pm)
2.5 X 2.3 1 . 6  X 1 . 6 0.6 X 0.6
Gate dielectric thickness 
(nm)
1 2 10.5 —
MZI phase shifter length 
(mm)
3.45 3.45 1
Phase shifter loss 
(dB/L^)
9.6 8.3 17
Phase efficiency 
(V.cm)
7.8 3.3 4
Capacitance
(pF/mm)
7.6 7.6 0.7
MZI modulator on-chip loss 
(dB)
4 1 0 3.5
Device bandwidth 
(GHz)
2.5 1 0 33
Transmission data rate 
(Gb/s)
4 1 0 40
ER (dB) 1.3 3.8 1 . 1
RT/FT (ps) 82 55 15
Power Consumption (W) 2.7 2.7 1 . 2
Table 9-1: Summary of device parameters and measured performance for the three 
types of modulators studied. Rows highlighted in gray compares the performance of 
MZI modulators used for high speed data transmission.
Prior to the start of this dissertation project in late 2003, numerous Si waveguide- 
based optical modulators had been proposed and demonstrated. Majority of the research 
focused on using the thermo-optic effect and the free carrier plasma dispersion effect in 
forward-biased p-i-n diode geometries. Despite these research efforts, the fastest 
demonstrated speed of a Si optical modulator, regardless of the physical effect or device 
design used, was tens of MHz at the time [28]. In 2004, the poly-Si based MOS-eapacitor 
modulator achieved 2.5 GHz modulation bandwidth [52,53], an approximate lOOX 
improvement over the previous experimental speed record. Then in 2005, the ELO-Si based
186
MOS-capacitor device became the first Si modulator to demonstrate 10 GHz bandwidth and 
10 Gb/s data transmission [55]. Two years later, the reverse biased p-n diode achieved 
another speed milestone that no other Si modulator to-date has surpassed. It has 33 GHz 
bandwidth and is capable o f transmitting data up to 40 Gb/s [61]. The rate o f advancement 
demonstrated by the combination o f these three modulators, >1000X improvement in device 
bandwidth over 5 years, is a true testament o f the potential o f high speed Si modulation. It 
has been partly responsible for the recent renewed interest in Si photonics, which is 
beginning to be transformed from laboratory demonstrations in research facilities into 
commercial products for real-world applications.
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CHAPTER 10. 
FUTURE WORK
While the Si modulators demonstrated here have set world-class bandwidth records, they are 
lacking in some other aspects of device performance that are critical for commercialization; 
namely, extinction ratio (ER), optical loss, and electrical power eonsumption. The ELO-Si 
based MOS-capacitor modulator, for example, has 3.8 dB ER, 10 dB on-chip loss, and 2.7 W 
total power consumption. While the 3.8 dB ER is respectable and meets the >3.5 dB 
requirement [91] for Very Short Reach applications in the enterprise space such as within- 
building or within-campus connections, its high power consumption and high optical loss 
render it impractical. The p-n diode based modulator, on the other hand, has a relatively low 
on-chip loss of 3.5 dB, but its 1.1 dB ER is too low and 1.2 W power consumption is too 
high. Therefore, the overall performance o f these modulators must be improved for them to 
have commercial relevance.
10.01 Epitaxial-Silicon MOS Capacitor Modulator
To understand how to reduce the on-chip optical loss of the MOS capacitor based 
modulator, one must first review the sources o f this loss. As discussed in Section 7.2.3 (page 
151), o f the 10 dB total loss, 4.3 dB is associated with the 3.46 mm long RF phase shifters, 
2.9 dB is from the -11.5 mm long passive waveguide sections, and the remaining 2.8 dB is 
likely due to un-optimized design of the MZI couplers and bends. The RF phase shifter loss 
includes absorption from doping and scattering from waveguide surfaces that are estimated to
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be 3.9 dB and 0.4 dB, respectively. As discussed also in Section 7.2.3, the doping 
concentrations used for this device are not optimized. For example, modelling shows that the 
p-type doping level can be lowered from 1x10^^ cm'^ to 6x10^^ cm'^ with little impact on 
device speed and efficiency. The benefit is an estimated -0 .4  dB reduction in the phase 
shifter loss. The 2.9 dB passive waveguide loss also includes absorption from doping and 
scattering from waveguide surfaces, both o f which are estimated to -1.45 dB. The doping in 
this region is unnecessary and can be eliminated with process modifications. As for the loss 
due to surface roughness, it has been shown recently that it can be reduced to <0.5 dB/cm 
with improved lithography and etch processes. In this manner, the passive waveguide loss 
can be as low as 0.6 dB. The 2.8 dB o f MZI coupler and bend loss can also be significantly 
reduced with design optimization. For example, the p-n diode based modulator, even with its 
smaller waveguide dimensions, has <0.5 dB MZI excess loss. As a result, with these process 
and design improvements, the MOS-capacitor based modulator could have on-chip optical 
loss as low as 5 dB (3.9 dB phase shifter loss, 0.6 dB passive waveguide loss, and 0.5 dB 
MZI coupler and bend loss).
Reducing electrical power is a bigger challenge. O f the 2.7 W that is consumed, close 
to 90% is due to the drive circuitry, which is based on a SiGe process and outputs 1.6 Vpp 
swing. Power consumption will significantly decrease if  a CMOS driver with <1 Vpp signal 
can be used. A smaller drive signal, however, translates to either a reduction in ER if  the 
same length o f phase shifters is used or an increase in optical loss if  phase shifters are made 
longer to maintain the same ER. To reduce power consumption without compromising these 
other performance parameters, the MOS capacitor based modulator must be redesigned for 
improved phase efficiency. As discussed in Section 7.1.1 on page 118, this can be done by 
reducing waveguide dimensions, optimizing the gate location relative to the optical mode, 
and/or reducing the thickness o f the gate dielectric.
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A modelling study has been conducted where the rib waveguide cross-seetion is 
redueed down to 1 pm width, 1 jum total height, and 0.5 pm rib height [92]. The horizontal 
gate dieleetrie is thinned to 6 nm and is placed in the middle of the rib. The wide Si wing 
layer on top of the rib for p-eontact formation has a thickness o f 0.15 pm. To balance optical 
loss and modulation speed, a non-uniform doping profile is used, as shown schematically in 
Figure 10-1. Na and No denote the doping levels of the p-type and n-type regions of the 
MOS capacitor and are both set to be 1.5xlO’  ^ cm'^. and denote the high
concentration p-type and n-type doping for Ohmie contact formation and are both set to be 
5x10'^ cm'^.
\/o Metal contact
p-Si
oxide
Buried
Silicon substrate oxide
Figure 10-1: Schematic diagram showing the cross-sectional view of the 1 pm x 1 
pm MOS capacitor waveguide phase shifter.
This device design is expected to have -6  pF/mm capacitance, 10 GHz bandwidth, 0.7 
V-em phase efficiency, and -4.3 dB/em total phase shifter loss (assuming 0.7 dB/em of 
waveguide scattering loss, which is readily attainable). Driven in push-pull configuration 
with a CMOS circuit capable o f 1 Vpp, an MZI modulator with 0.15 cm long phase shifter in 
each arm should be able to transmit data at 10 Gb/s with >6 dB ER, which is the requirement 
for Longer Reach optical links of 7-20 km [91]. Assuming that the MZI coupler and bend 
loss is 0.5 dB and the modulator length is 0.45 cm (so its passive waveguide section is 0.3 cm
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long and has -0 .2  dB loss), then the total on-chip optical loss o f the device can be less than 
1.4 dB. Doping concentrations can be increased to achieve higher device bandwidth, but the 
tradeoff is higher loss [92].
While this 1 pm x 1 pm modulator promises good overall performance, actually 
fabricating it per design is challenging. As discussed in Section 7.2.1 on page 143, during the 
ELO-Si growth process, the gate dielectric is chemically attacked by the hydrogen chloride 
gas used. While an 11 nm gate consisting o f a multi-layer stack o f SiO] and SisN4 has been 
optimized to withstand this etch, additional process development is needed and it may be 
more difficult to achieve the thinner 6 nm gate. Furthermore, both the total waveguide height 
and rib height of an ELO-Si based device are determined by multiple CMP and etch steps, so 
they are subjected to these processes’ individual tolerances. An analysis taking into account 
all the sources o f process variation shows that the rib height can vary as much as 0.3 pm. For 
a device whose rib height target is 0.5 pm, it is not difficult to see how the 0.3 pm variation is 
unacceptable. While additional process development and improved manufacturing capability 
of state o f the art facilities can reduce process variability, they will come with increased cost 
and complexity.
One way to simplify processing and improve device dimension control is to use poly- 
Si for the p-type waveguide rib. To achieve the targeted 1.5x10^^ cm'^ carrier concentration, 
an extrapolation o f the data given in Figure 5-2 (page 77) indicates that poly-Si doped with 
boron could have -  45 dB/cm of doping loss, as opposed to the 4 dB/cm modelled for ELO- 
Si. Note also that undoped poly-Si has -10  dB/cm of material transmission loss due to 
imperfections in the crystal lattice, so the total absorption loss o f the doped poly-Si is -55 
dB/cm. Nevertheless, the situation is not as dire because only 33% of the optical mode is 
modelled to be inside the rib. Furthermore, because only 0.15 cm o f phase shifter length is 
required for >6 dB modulation ER, the additional loss associated with poly-Si is -2 .5  dB for
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the MZL As a result, total on-chip optical loss of a poly-Si based modulator with the same 
design as discussed above is -3 .9  dB.
For applications sensitive to optical loss where 3.9 dB is still too high, a good option 
is to further enhance device phase efficiency to reduce the required phase shifter length and 
therefore the associated loss. A shorter device length is also desirable because it translates to 
fewer segments for lumped-drive, which eases the complexity of the drive circuit. An 
additional benefit is that with a shorter length, capacitance will decrease, which according to 
Equation 84 (page 142) should also lead to lower electrical power consumption. As 
discussed in Section 7.1.1 (page 118), one way to improve phase efficiency is to reduce the 
MOS capacitor gate thickness so a given applied voltage leads to more accumulated charges. 
A 1 Vpp drive, together with the 1.25 V that is needed to overcome the flat-band potential, 
means that the gate has to be able to withstand 2.25 V of applied voltage. For reliable 
operation, an electric field strength of <0.5 V/nm must be maintained (as discussed on page 
118). The gate, therefore, can be safely thinned from 6 nm to 4.5 nm. This design change 
should lead to -30%  improvement in phase efficiency, so the required phase shifter length 
per MZI arm can be reduced to -0.11 cm for 6 dB ER. The total on-chip loss of the 
modulator can therefore be close to 3.3 dB.
In summary, a poly-Si based MOS capacitor phase shifter with 1 pm x 1 pm cross- 
section, 0.5 pm rib etch, 1.5x10^^ cm'^ n-type and p-type doping concentrations, and 4.5 nm 
thick gate oxide should provide good overall performance at 10 Gb/s and should be readily 
manufacturable. A 0.45 cm long MZI with 0.11 cm of the above phase shifter in each arm, 
driven in push-pull configuration with 1 Vpp signal, should achieve 6 dB ER with 3.3 dB of 
on-ehip loss. It is calculated to have 17 pF of device capacitance, excluding parasitics. So 
when the phase shifters are driven as lumped elements, the modulator itself should consume 
<42.5 mW of electrical power. Still, the performance stated above is by no means the
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fundamental limit o f Si modulation based on the MOS-capacitor design. One can consider 
reducing the waveguide cross-section down to sub-micrometer dimensions, similar to what 
was done for the p-n diode based modulators, to further improve phase efficiency and device 
capacitance. This should lead to lower power consumption and possibly lower on-ehip loss. 
Device bandwidth can also be scaled, as discussed previously, by increasing the doping 
concentrations.
10.02 p-n Diode Modulator
For the p-n diode based modulator, the two performance parameters that most need 
improvement are ER and electrical power consumption, which are 1.1 dB and 1.2 W, 
respectively. Without changing the device design for better phase efficiency, one way to 
improve ER is to increase the phase shifter length. To reduce power consumption, one needs 
to reduce the drive signal, which also translates to a need for a longer device to simply 
maintain the same ER. One obvious drawback with increasing phase shifter length is higher 
optieal loss, which will be signifieant because as discussed in Section 8.02 (page 162), it is 
-21 dB/cm for devices with 0.3 jum separation between the rib edge and the n ^  doping. 
Nevertheless, there is significant room for improving this transmission loss.
First, increasing the rib-to-n^ separation to 0.4 pm has been shown in Section 8.02 to
reduce phase shifter loss down to 17 dB/cm without compromising phase efficiency or device
bandwidth. Second, it was found that 3.5 dB/cm of this loss is due to misprocessing where
n++ dopants penetrated through the implant mask into the rib region. An experiment is run
recently where a thicker mask layer has been confirmed to eliminate most o f this n ^
penetration and its associated loss. The phase shifter from this experiment measures 14.2
dB/cm. The largest contributor o f this remaining device loss is the n-doping, which creates
the n-region o f the p-n junction as well as dopes the wing region between the rib and the n++
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implant to ensure electrieal connectivity between the n-contact and the p-n diode. Because 
the Si wing (grown using a non-selective epitaxial process) is poly-crystalline above the 
oxide next to the rib, it has poor dopant activation. As a result, the n-doping has to be high to 
ensure a low resistivity wing for high speed performanee. It has been measured to contribute 
-6 .4  dB/cm of device loss. If  a single crystalline Si wing ean be grown using a selective 
epitaxial process like epitaxial lateral overgrowth (ELO), then the n-doping eoncentration and 
its associated loss can be significantly reduced. Simulation shows that its eontribution to 
deviee loss can be as low as 2 dB/cm and still maintain the same phase efficiency and speed 
performance. In the current devices with poly-Si wing, n"^ dopants have also been found to 
diffuse laterally inside the wing towards the rib during the rapid thermal anneal step for 
dopant activation (Section 8.02, page 162). Because phosphorus diffusivity in single 
crystalline silicon is much lower than that in poly-Si [77], this dopant movement and its 
associated doping loss can be effectively eliminated with an ELO-Si wing. With the design 
and process improvements mentioned above, the total phase shifter loss can be reduced from 
-21 dB/cm to -7.5 dB/cm.
With this dramatic decrease in optical loss, the approach of using longer devices to 
improve ER becomes appealing. For example, a 6 mm long MZI modulator with 3 mm phase 
shifter in each arm could have total on-chip loss as low as 3.3 dB: 0.5 dB of MZI coupler and 
bend loss, 0.5 dB of passive waveguide loss, and 2.3 dB of total phase shifter loss. To 
experimentally demonstrate ER improvement, a modulator with 3 mm phase shifters was 
tested in push-pull configuration with 3.8 Vpp single-ended (7.6 Vpp differential) drive. As 
the optical eye diagram in Figure 10-2 shows, its ER is >5 dB [93]. It is, nevertheless, lower 
than the 9 dB ER ealculated based on the drive voltage and device phase effieiency. The 
reasons for this discrepancy are that a significant amount of the drive signal is reflected at the 
input between the 50 Q driver and 20 Q modulator due to impedance mismatch and more is
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lost due to RF attenuation along the phase shifter length. According to calculation, the RF 
reflection loss at the modulator input alone accounts for a 40% reduction in the drive signal. 
Another result that must be noted is that the use of the longer device length has an important 
performance tradeoff -  its additional RF attenuation limits device bandwidth and therefore 
the achievable data rate. The eye diagram shown in Figure 10-2 is for 10 Gb/s data 
transmission. Increasing the data rate beyond 10 Gb/s rapidly closes the eye.
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Figure 10-2: 10 Gb/s optical eye diagram of an MZI modulator with two 3 mm long 
phase shifters driven differentially with 7.6 Vpp. Measured ER is 5.2 dB.
One way to overcome this length-dependent bandwidth limitation is to divide the 3 
mm long phase shifters into 1 mm segments and drive each with the same electrical signal 
delayed by the correct amount to match the electrical and optical waves. While this 
modulator’s ER is determined by the combined phase shift provided by all the device 
segments, its bandwidth is now governed by that of the 1 mm device, which has already been 
shown in Figure 8-19 on page 178 to be >30 GHz. This modulator implementation is 
illustrated schematically in Figure 10-3 and is similar to the approach taken to demonstrate 4 
Gb/s data transmission using the poly-Si based MOS capacitor modulator and 10 Gb/s using 
the ELO-Si based MOS capacitor modulator. The one difference is that here, instead of using 
lumped drive, each phase shifter segment still employs travelling wave operation for high
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speed performance. In this manner, both -5  dB ER and 40 Gb/s data transmission can be 
simultaneously obtained.
1 mm phase shifters
Figure 10-3: Top down schematic showing an MZI modulator with multiple 1 mm 
long phase shifters in each arm to simultaneously achieve high ER and high data rate 
transmission.
To achieve low electrical power consumption, the key again is to reduce the drive 
voltage as power is directly proportional to the square of the voltage. For instance, the 40 
Gb/s p-n diode modulator has a high power consumption o f -1.2 W because it uses a single­
ended drive voltage of 7 Vpp with a 3.5 Vdc bias. A simple way to reduce this voltage without 
compromising any other performance parameter is to cut the input signal by half and drive 
the phase shifters in the two MZI arms in push-pull configuration. This approach should 
reduce electrical power down to -0.6 W, 0.3 W per phase shifter as calculated using Equation 
86 (page 177).
Reducing the drive voltage further requires that the total length of the phase shifters 
be increased by the same ratio to maintain a given ER. For example, for the modulator with 3 
mm phase shifters that experimentally demonstrated 5 dB ER (see Figure 10-2), to reduce its 
drive signal from 3.8 Vpp single-ended down to 1 Vpp, the phase shifter length in each MZI 
arm must be increased from 3 mm to 11.4 mm. This means that for 10 Gb/s operation, the 
phase shifter in each arm must be divided into four 3 mm segments. While the associated 
electrical power is calculated to be only 25 mW per segment, the eight segments together 
consumes a combined 200 mW. One way to reduce this power is to use a 20 Q impedance
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driver so the RF reflection at the modulator input is eliminated. In this manner, the phase 
shifter length in each arm can be reduced down to 7 mm and divided into 3 segments to still 
maintain 5 dB ER at 10 Gb/s. Power consumption is calculated to be 150 mW.
Another way to reduce power consumption is to divide the phase shifters into very 
short segments so that lumped drive can be used. Here the power consumed depends on the 
total device capacitance, not the number o f segments (see Equation 84 on page 142). For a 
total phase shifter length o f 14 mm (7 mm in each arm), the total capaeitanee is -9 .8  pF. For 
10 Gb/s operation, modulator power consumption is calculated to be as low as 24.5 mW. For 
40 Gb/s operation, power is 98 mW. This modulator is estimated to have an on-chip optical 
loss o f <6.5 dB, assuming 7.5 dB/cm of total phase shifter loss.
For applications sensitive to device loss where 6.5 dB is too high, the phase shifter 
design must be improved to reduee loss per 7i-radian phase shift or dB/L^. As diseussed 
previously, a good approaeh is to improve the device’s phase effieiency. One possible design 
is shown schematically in Figure 10-4 where the waveguide cross-section is reduced to 0.4 
pm X 0.4 pm to increase the intensity of the optical mode near the centre o f the rib. A 
vertical p-n junction is considered here for simpler fabrieation as no Si wing is needed for 
eleetrical contact. To optimize the charge-mode overlap, a relatively deep rib etch o f 0.2 pm 
is chosen to ensure tight lateral optical confinement. A deeper etch offers additional benefit 
in this regard but is not used because it could lead to multi-mode devices with process 
variations and could result in a slab thickness too thin for high speed performance. The p- 
type and n-type concentrations are 1x10^^ cm'^ and 2x10^^ cm'^, respeetively. These doping 
levels are not fully optimized for overall performance but are chosen for illustration. The 
junction is placed 0.1 pm from the edge of the rib with the p-region covering a larger portion 
of the waveguide. This way the reverse-bias induced hole depletion, which results in a larger 
refractive index change than electron depletion, moves towards the centre o f the rib where the
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optical mode has the highest intensity. This device should be relatively straightforward to 
fabricate. The only challenge is accurately controlling the location of the p-n junction inside 
the waveguide rib.
According to simulation, this device has a capacitance of -0.33 pF/mm and a 
bandwidth of 28 GHz, which should be sufficient for 40 Gb/s data transmission. It is also 
modelled to have 2 V-cm of phase efficiency and 7.2 dB/cm of total transmission loss 
(assuming 2 dB/cm of passive waveguide loss). A 0.7 cm long MZI modulator with 0.4 cm 
of this phase shifter in each arm, when operating in push-pull configuration with a I Vpp 
drive, should yield >5 dB ER. On-chip optical loss is estimated to be 4 dB. Its 0.8 cm of 
total phase shifter length should have 2.64 pF of device capacitance; so when divided into 
multiple segments and driven as lumped elements, it will consume no more than 27 mW of 
electrical power at 40 Gb/s.
I -Metal contact 1
i 0-4 nm  ^
%----------
p-Si
0.4 |am
n-Si
BOX
Si substrate
Figure 10-4: Cross-section schematic o f  the vertical p-n diode phase shifter with 
improved phase efficiency.
For the MOS capacitor and p-n diode based Si modulators, which have already 
demonstrated device bandwidths comparable to those of commercial optical modulators, the 
above discussions show that the key to good overall performance is optical loss reduction and 
phase efficiency optimization. Improved device designs that should be readily 
manufactureable are proposed. They promise dramatic improvements in device loss, ER, and 
electrical power consumption. They show that both o f these Si modulator technologies, with
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the right drive circuitry, can yield good overall device performance sufficient for commercial 
applications. In fact, they could one day become the modulators of choice, not only because 
o f their performance but also because they are based on the Si platform, which is known to be 
ideal for device integration and cost reduction.
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